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Fundamental Properties % 


By ALAN T. WATERMAN 


FELLOW Am. Phys. Soc. 


alization that an electric charge or current con- 
sists of minute electrons, may be considered to 

be the second vindication of the atomist school of 
Greek philosophy which so earnestly and ably argued 
against the continuity of matter or its infinite divisi- 
bility. Although ordinary matter already had been 
shown to consist of atoms and molecules, the physi- 
cists of the eighteenth and the early nineteenth cen- 
turies had come to regard electricity as a continu- 
ous fluid and possibly not like matter at all in the 
ordinary sense. This conception lent itself readily 
to theoretical development, even to the extent of 
explaining in the expert hands of Maxwell the nature 
of light as electromagnetic wave motion. The pic- 
ture of the ultimate nature of electricity, however, 
remained vague in spite of this progress. The first 
evidence as to its atomic nature was implicit in the 
laws of electrolysis discovered by Faraday in 1834, 
_ although Faraday seems not to have stressed this con- 
clusion. Maxwell himself refers to the possibility, but 
it remained for Stoney in 1874 to make use of this hy- 
pothetical particle which he christened the‘‘electron.”’ 
The laws of electrolysis 
become almost self-evident 
if a definite electrical 


Ti ATOMIC NATURE of electricity, the re- 


Electron 


Yale University, 
New Haven, Conn. 


ratio e/m of the charge on each particle to its mass. 
(Strictly speaking, of course, only the average value 
is obtained.) The stage then is all set for progress in 
two directions: an independent determination of m 
will determine e, and vice versa. Thus, in an experi- 
ment that may be performed quickly by an ele- 
mentary student, we find ourselves on the road 
toward knowledge both of the atom and of electricity. 


ELECTRIC DISCHARGES IN GASES 


The next step in the isolation of the electron came 
from the study of electrical discharges in gases. 
At low pressures mysterious rays were seen to pro- 
ceed, apparently from the cathode, hence called 
“cathode rays.’’ Traveling as they did, away from 
the negative terminal, these rays, if particles, should 
bear a negative charge. It was necessary however to 
prove that they were not some form of ray like 
light, and this was difficult because of their straight 
paths and the fluorescent effects they caused, as 
well as from the obvious light effects present during 
the discharge at higher pressures. That they were 

electrified became evident 
when they were found to 


charge, or some multiple 
- thereof, is carried by atoms 
in electrolytic solution. 
What then is more natural 
than to assume the exist- 
ence of a universal parti- 
cle of electricity? The size 
of this charge evidently is 
the total charge passed 
through the solution, 
divided by the number of 
carriers. Unfortunately, 
although the charge trans- 
ported may be measured 
easily, the number of car- 
riers is more difficult to 
ascertain. However, the 
mass of substance liberated 
along with the electricity 
is measurable; it should be 
equal to the desired number 
multiplied by the mass of 
each. Thus, simple obser- 
vations of the mass of sub- 
stance V and the total elec- 
trical charge F liberated at 
a given electrode, since each 
involves the same number 
of particles, yield at once 
by their quotient E/M the 
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Presenting clearly and concisely a story of 
the evolution of the electron, as seen from 
the viewpoint of modern theoretical physics, 
this article reveals ‘that the electron in 
many respects is following the ‘‘trend of 
the times.”’ A review of the status of the 
electron reveals clearly that its properties 
have been extended well beyond those 
contemplated by its discoverer; also that, 
in following the simple and apparently 
necessary expedient of endowing the elec- 
tron with such properties as a wave aspect 
and a change of mass with velocity, the 
vividness of the mental conception of an 
electron has been dulled. The author 
indicates that, in addition to the mental 
picture of fundamental atomic processes 
having become more difficult or even im- 
possible, the intrinsic precision of the 
processes themselves is called into ques- 
tion by the most recent theories. This is 
the second in a series of special articles 
developed under the sponsorship of the 
A.1.E.E. committee on education.—Editor 


be deflected by a magnetic 
field, precisely as the arma- 
ture of a simple electric 
motor is propelled by the 
magnetic influence of the 
field magnet (for electricity 
in motion should constitute 
an electric current and be 
subject to the same laws). 
The direction of their de- 
flection and also their de- 
viation by an electrostatic 
field, in conjunction with 
their source, confirmed 
their electric charge as 
negative. From their me- 
chanical and heating effects 
upon impact they were 
seen to possess mass. As- 
suming by analogy with 
electrolysis, therefore, that 
the cathode rays were nega- 
tively charged particles of 
definite mass and velocity, 
Schuster found in 1870 that 
the velocity and the 
charge-to-mass ratio e/m 
could be determined from 
the amount of deflection in 
electrostatic and magnetic 
fields. This ratio turned 


out to be about 1,850 times as large as the correspond- 
ing value for the hydrogen ion in electrolysis. Evi- 
dently either the charge on each particle would have 
to be enormously greater than ionic charges in elec- 
trolysis, or the mass of the particle should be corre- 
spondingly smaller; perhaps both. 

Sir J. J. Thomson in a series of masterly studies of 
the conduction of electricity through gases be- 
ginning in 1895, showed that, although the speeds 
of the cathode rays depended to a certain extent 
upon the conditions of the experiment, the value of 
the charge-to-mass ratio was the same regardless 
of the kind of (rarefied) gas used in the tube and 
regardless of the material of the electrodes. The 
presumption, therefore, was that the cathode rays 
were streams of new universal negatively charged 
particles. Upon making the reasonable assumption 
that the charge carried by each cathode particle 
was equal to the elementary unit-charge involved 
in electrolysis, the mass of each particle should be 
about 1/195 of the mass of the lightest known 
atom, hydrogen. In this way the existence of 
Stoney’s ‘‘electrons’” seemed to be demonstrated. 
Incidentally, the mass of this electron was so small 
that the difference in weight of a positively and a 
negatively charged body would escape detection. 


CHARGE AND MASS OF AN ELECTRON 


It remained for Millikan, between the years 1908 
and 1917, by perfecting a method originated by 
Townsend in 1897 and improved by J. J. Thomson 
and H. A. Wilson at Cambridge, to measure to an 
accuracy of 1 part in 1,000 the electrical charge 
(e = 1.59 X 107% coulombs) carried by a single 
electron. From the known value of e/m its mass 
could then be found in grams, this proving to be 
9 X 1078 grams. At once the mass of every atom 
was known in terms of ordinary units, instead of 
merely with reference to that of oxygen as in the 
chemical atomic weights. Off hand, the measure- 
ment of any quantity as small as the electronic 
charge would seem to be out of the question. In 
principle, Millikan’s method consists essentially in 
the use of a strong electric field to support a minute 
electrically charged oil drop in the space between 2 
condenser plates where it may be observed through a 
microscope. The force on a charge g in a field E 
is Eq and, if the particle is to remain suspended, 
this force must equal its weight w. Hence, in equilib- 
rium, Eg = w and g is computed by a knowledge of 
FE and w. The ingenuity of the device consisted in 
applying an electric field large enough to make up 
for the smallness of the charge and thus produce a 
force sufficient to equal the weight of the drop, 
which weight could be determined in several ways. 
In practice it was found expedient not to hold the 
drop stationary, but to measure its upward and its 
downward drift with the field on and off, respectively. 
The charge on the drop was obtained by allowing 
it to pick up ions fron the air, which was ionized 
by exposing it to X rays or to a radioactive source. 
It was found that practically all drops bore the same 
charge no matter what the gas, its ionizing agent, 
or the size or nature of the drop; none carried 


less than this charge; a few carried exactly twice 
as much or, rarely, exactly 3 or 4 times as much. 
The electron thus was: established as a particle of 
definite mass and electric charge; presumably it 
was the fundamental unit in electrical phenom- 
ena. 


CHANGE OF ELECTRONIC MAss WITH VELOCITY 


Paralleling this advance there came, from the then 
new field of radioactivity in the study of the 6 rays 
isolated by Rutherford, evidence of the new particles 
as an integral constituent of the atom. In 1902 
Kaufmann, by deflection methods similar to those 
used for cathode rays, determined the value of e/m 
for B rays. Their speeds proved to be much higher 
than those of cathode rays, approaching in some 
cases the speed of light (186,000 miles per second). 
For all except the fastest 6 rays the value of e/m 
agreed with that for cathode rays, and the 6 rays 
thus were identified as electrons. For the case of 
an electron, the fastest rays proceeded to furnish 
a striking verification of a proposal made by Lo- 
rentz that mass might be electromagnetic in nature; 
a proposal later generalized by the theory of rela- 
tivity to the effect that mass and energy are equiva- 
lent and connected by the relation (in CGS units): 
mass = energy/c*, where c is the velocity of light in a 
vacuum. Lorentz first showed that by virtue of its 
charge alone an electron would have to possess 
inertia, and hence mass, even if not endowed with 
mass as ordinarily conceived. That this is true may 
be understood from the fact that when an electron 
is accelerated its surrounding magnetic field caused 
by its motion is increased. Now, a magnetic field 
represents energy; to increase this field requires 
the expenditure of energy; consequently a force is 
required to accelerate the electron because of its 
electrical charge alone; therefore, a pure electrical 
charge must have the property of mass. For ordi- 
nary speeds, and for a charged sphere of radius a 
and total charge e, this electromagnetic mass is 
computed to be 2 e?/3 ac?. In passing, it is interest- 
ing to note that, subject to its verification, this 
hypothesis makes possible a rough estimate of the 
dimensions of an electron. If the electron is a 
charged sphere possessing only electromagnetic 
mass, its radius would be 1.85 X 10713 cm, roughly 
1/s0,000 the diameter of an atom. Lorentz and others 


Fig. 1. Variation 
of electronic mass 


i6 with velocity. 
a Curve A, theo- 
retical —- values; 


% 


Curve B, assum- 
ing half the mass 
invariable 


Ss 


EXPERIMENTAL VALUES 
4 BUCHERER —— 
NEUMANN —o— 


—— 


MASS OF ELECTRON (Cm) X 1028 


(From  ‘’Atomic 
Physics,’” Physics 
Staff, University 

of Pittsburgh) 


I) 0.2. {03/04 cree 0:5 acon O;G eam: 7 OST: 
(VELOCITY OF ELECTRON) + (VELOCITY OF LIGHT) 


ELECTRICAL ENGINEERING 


further showed that the electron’s mass (transverse), 
although constant for ordinary speeds, should in- 
crease rapidly as its velocity approached the speed of 
light, according to the expression m = m)/(1 — ?)'/: 
where 6 = v/c the ratio of the speed of the electron to 
that of light and mm) is the “‘rest-mass’’ of the electron. 
The same result is obtained more directly and more 
generally from relativity theory. This matter was 
put to experimental test by Bucherer, who found by 
an ingenious application of the deflection method 
that this law was obeyed closely for fast electrons 
from radium fluoride. The mass of an electron 
moving with 98 per cent of the speed of light, for 
_ instance, proved to be more than 5 times its rest- 
mass, although the difference is not detectable for 
speeds less than 1/1) that of light. 


THERMIONIC AND PHOTOELECTRIC EMISSION; 
THE QUANTUM THEORY 


Along with the investigation of the electron, and 
contributing to its establishment, came an investi- 
gation the application of which was destined to be of 
the greatest importance, both commercially and in 
research. Chiefly as a result of the efforts of O. W. 
Richardson and his coworkers for a period of years 
beginning about 1900, the phenomenon of ther- 
mionic emission was analyzed and its laws discovered. 
Substances, especially metals, when heated were 
observed to emit electricity which proved to consist 
of these same electrons. A quite satisfactory 
theory of this behavior assumed the electrons to 
exist within the hot body somewhat as a gas which 
“evaporated” from the surface when heated. The 
analogy holds further for, corresponding to the heat 
of vaporization, the electron has to do work w in 
order to escape. Very soon Fleming in England saw 
in this effect the possibility of using a hot and a 
cold electrode in an evacuated tube to operate as 
a unidirectional valve, or rectifier, for electric cur- 
rents. The current, in the form of electrons, will 
pass only from hot to cold electrode. De Forest 
added a third electrode in the form of a grid between 
the others, thus adding flexibility, control, and the 
possibility of amplification. The subsequent sensa- 
tional development of the vacuum tube as radio 
detector, amplifier, oscillator, and for other uses is 
well known. 

In the meantime Max Planck in 1900 had set the 
scientific world agog with his radical but undeniably 
successful quantum theory of radiation, a theory 
which has revolutionized thought in physical 
science. It was not long before the theory was 
linked with the electron. In 1905 Einstein pro- 
posed a simple quantum theory explanation for a 
phenomenon long known but little understood-— 
the photoelectric effect, or the emission of electrons 
from bodies under the action of light. Among the 
known facts regarding this effect was the observa- 
tion that the speed or the kinetic energy with which 
the electrons were emitted depended upon the 
frequency of the light, but not upon ws mtensity. 
This fact proved impossible to reconcile with any 
imaginable mechanism for the effect based upon 
classical laws. The striking nature of this apparent 
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paradox becomes more evident when it is considered 
that the light from the feeblest possible source, such 
as a faint star, will eject from a substance electrons 
having the same kinetic energy as those produced 
by the most intense are light. There can be no 
question of gradual absorption of the light until the 
requisite energy has been obtained, for in either case 
emission immediately follows illumination. The 
only difference is that the are light produces more 
electrons per second. To a physicist with the view- 
point of the last century it is as though the ripples 
produced by a raindrop falling in a pond were to 
cause drops of water to be shot up here and there 
from the pond to a height of 100 ft, say, and all to 
the same height no matter how far they happened 
to be from the source of the ripples. In explanation, 
Einstein proposed an equation innocent enough 
when stated in words: that the kinetic energy with 
which the electron emerges is equal to the energy 
received from the light minus the work done to 
escape. The novelty consisted in identifying the 
energy received from the light with Planck’s ‘‘quan- 
tum” of energy, a discrete bundle of energy. The 
latter is written as hv, where h is a universal constant 
(6.55 X 10727 erg sec) and » is the frequency of the 
light. The amount of energy contained in a quan- 
tum then depends only upon the frequency of the 
light, whereas according to the wave theory of 
radiation it also depends upon the amplitude of the 
wave (intensity of light). Furthermore, the elec- 
tron must accept or reject this energy as a unit; 
it may ignore the quantum completely, but it cannot 
use part only. The photoelectric effect then could 
be interpreted rationally in terms of this theory. 
As added confirmation, the work done by an electron 
in escaping, on the basis of the Einstein equation, 
proved to be identical within experimental error 
with the work w already mentioned as deducible 
from thermionic emission. Einstein’s equation then 
reads: kinetic energy = hy — w. 


Tue Atomic MopDEL OF BOHR 


In the hands of Planck and Einstein the phe- 
nomena of radiation and photoelectricity thus were 
explained by the quantum theory, but this theory 
appeared completely irreconcilable with the wave 
theory of light which had reached an apparently 
impregnable position of security during the nine- 
teenth century. How can light radiation consist of 
waves continuously spreading in all directions and‘at 
the same time consist of a collection of bundles of 
energy, each of which is capable of being delivered 
intact at any given point? Before a way out of 
this dilemma could be found, the champions of the 
wave theory were dismayed to find that over- 
whelming evidence began to appear in the atomic 
realm in further support of the quantum theory. 
In 1913 Niels Bohr put forward a theory of the 
emission and absorption of light by atoms that 
explained in remarkable detail the spectrum of 
hydrogen and ionized helium. His model of the 
atom aS a miniature solar system in which the 
massive nucleus is the sun and the electrons the 
planets, now is well known. Although, as a pic- 
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ture, Bohr’s atom has faded almost into a mathemati- 
cal abstraction in the light of present-day quantum 
mechanics, his fundamental postulate has remained; 
namely, that the total energy of an atom can change 
only by an amount equal to a quantum of energy /v. 
If the atomic energy increases, an energy hy is 
absorbed; if it decreases, an energy hy is liberated. 
In either case the frequency of radiation absorbed 
or emitted is perfectly definite and calculable from 
the relation: fy = change in atomic energy. Since 
the atom then obviously could exist only in discrete 
“stationary” states of energy, Bohr pictured each 
electron as having various separate possible orbits 
of different energies. When an electron jumped from 
one orbit to another, a definite frequency of radia- 
tion corresponding to the resulting change in atomic 
energy might thus be absorbed or emitted. Con- 
firmation of this idea received support also from the 
more directly measurable energy required to de- 
tach an electron completely from an atom (1.e., 
to ionize the atom) which energy on the Bohr theory, 
is calculable as an electron jump from a normal 
orbit to a very great distance from its nucleus. 
It was found soon that Bohr’s model was inadequate 
in the case of more complicated atoms; in fact, the 
atom has shown greater and greater reluctance 
toward being portrayed in any such simple guise. 
Of interest here is the fact that a careful study of 
apparently single spectral lines has exposed a 
“fine structure” explicable on the quantum basis by 
attributing to each electron a spin of determinable 
amount. 


WAVES REGARDED AS PARTICLES; 
THE COMPTON EFFECT 


Probably the most striking application of the 
quantum theory is shown in the Compton effect. 
If a homogeneous beam of X rays (which can be 
shown to consist of waves of equal length and fre- 
quency) is allowed to fall upon a solid, a block of 
carbon for instance, the beam is ‘‘scattered”’ in all 
directions like a beam of sunlight on paraffin. 
Analysis of the X rays scattered in a particular 
direction discloses the curious fact that although 
a part of the scattered rays retain their original wave 
length and frequency the remainder are found to 
possess a definite longer wave length (lower fre- 
quency) than the primary rays. (As in all waves, 
the product of wave length and frequency is equal 
to the velocity of the wave; hence a longer wave- 
length has a lower frequency of vibration, and vice 
versa.) These “modified”’ rays, in the process of being 
deflected through the scattering angle, have had their 
quanta of energy reduced in amount. A. H. Comp- 
ton in 1922 boldly postulated that the fundamental 
scattering process consisted of a collision between a 
primary quantum of radiation and an electron, in 
which collision the usual laws of impact were main- 
tained; namely, conservation of momentum and of 
energy. Asa result of the impact, regarded like that 
of two billiard balls, the electron is set into motion 
and thus acquires kinetic energy. This kinetic 
energy must be furnished by the original quantum, 
which then leaves the scene of action with less energy ; 
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i.e.,as a smaller quantum, which in turn means a 
lower frequency, since the amount of energy in a 
quantum is proportional solely to its frequency. 
Thus there is established a remarkable sequence: 
(1) at the start the frequency of the primary 
X rays is obtained by measuring their wavg length, 
thus establishing their wave nature; (2) during 
impact the X ray is treated as a material particle 
colliding with an admittedly material electron; (3) 
after impact the frequency again is measured by 
wave methods. By this method is found complete 
justification for the assumed character of the im- 
pact process, for the theoretical change in frequency 
observed should depend only (and in a calculable 
manner) upon the angle of scattering—conclusions 
which are exactly confirmed by experiment. 
Furthermore the ‘‘recoil’’ electrons can be detected 
and shown to have acquired kinetic energy. The 
question previously asked might now be worded: 
“When is a wave not a wave?” And the answer, in all 
seriousness, is: ‘‘When it is a particle.” 


ELECTRIC WAVES; WAVE MECHANICS 


Considerations such as these led L. de Broglie in 
1924 to speculate concerning a possible conception 
of matter in terms of waves, which idea in any other 
age would have seemed highly fantastic and meta- 
physical. Nevertheless, he arrived at a consistent 
hypothesis, though it required the postulation of 
waves of a sort different from any which have been 
observed directly—so-called phase or y-waves. This 
notion was developed by Schrédinger in 1926 into 
precise mathematical form with noticeable improve- 
ment over the Bohr-Sommerfeld theory in the inter- 
pretation of spectra. Briefly the ‘““‘wave-mechanical”’ 
theory sets up a second-order differential equation 
applying to an atom, for instance, that in form re- 
sembles a wave equation in sound or in mechanics. 
Subject to appropriate boundary conditions, solu- 
tions of this equation are possible only for certain 
discrete values of the energy of the atom; for ex- 
ample, the stationary states of Bohr. Thus essen- 
tially the scheme is one for determining these same 
atomic energy states by means of an equation. 
The equation, be it noted, is a wave equation, whereas 
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hitherto only particles had been postulated in an 
atom. Development in another direction, laying 
emphasis upon strictly observable quantities such as 
frequencies instead of hypothetical orbits, led to 
Heisenberg’s matrix theory which is entirely mathe- 
matical, using the unusual form of mathematics 
responsible for its name, and which was shown to 
agree entirely with the wave-mechanical scheme. 


PROOF OF WAVE ASPECT OF ELECTRONS 


Now, on the de Broglie wave-mechanical basis, 
there should be associated with an electron a wave 
the length of which should be Planck’s constant h 
divided by the momentum of the electron. No di- 
rect evidence for such a contention had appeared at 
that time. The first experimental verification of 
this property of electrons came, curiously enough, 
as the result of an accident. In 1927 Davisson and 
Germer, of the Bell Telephone Laboratories in New 
York City, were engaged in studying the manner 
in which electrons were reflected from metal sur- 
faces. A beam of electrons of a given velocity was 
directed against the face of a piece of nickel in a 
vacuum and the proportion of electrons reflected at 
different angles was studied. The electrons were 
found to be reflected much as might be expected— 
a large percentage being reflected like perfectly 
elastic balls (in the manner of rays of light from a 
mirror) and the number decreasing continuously 
for angles on either side of the maximum—in other 
words a fuzzy sort of mirror-like reflection. In 
preparing for one of the tests, while the nickel 
specimen was being heated to a high degree in a 
vacuum to drive out any gases it might contain, the 
glass container broke and the surface of the nickel 
was oxidized. After the nickel was treated to remove 
this oxide layer this particular sample showed a 
curious type of electron reflection. The reflection 
was a maximum at the usual angle, to be sure, but 
there were subsidiary maxima of reflection at other 
angles on both sides of the usual one. Svon it was 
shown that this property was occasioned by a crystalli- 
zation of the nickel, and could be reproduced with any 
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nickel crystal or with crystals of several other 
metals. Now such a phenomenon is known to occur 
when light is reflected from the finely ruled surface 
of a diffraction grating, and it also had been shown by 
Sir William Bragg to occur when X rays are reflected 
from the face of a crystal. In the latter case the 
effect is caused by interference between X ray beams 
reflected from successive layers of atoms in the 
crystal. In the cases cited the experiment estab- 
lishes respectively the wave nature of light and of 
X rays. The similarity in the case of electron reflec- 
tion from a metal crystal was striking. 

Davisson and Germer, assuming therefore that 
their discovery was an effect caused by waves, calcu- 
lated from the angles at which the secondary maxima 
appeared and from the spacing of the atomic planes 
in the crystal (known from X ray analysis) the wave 
length of the hypothetical waves. This wave length 
agreed accurately with that demanded by de Brog- 
lie’s theory for electrons; i. e., Planck’s constant 
divided by the electron momentum. Shortly af- 
ter this discovery G. P. Thomson, the son of J. J. 
Thomson, obtained a similar effect for electrons 
shot through thin metallic films. Some of the elec- 
trons in the beam were deviated from their straight 
course, but only in certain preferential directions, so 
that the resulting pattern of the transmitted beam 
(in Thomson’s experiment registered on a photo- 
graphic plate) consisted of a central spot about 
which appeared concentric rings like halos, or in 
certain cases smaller spots symmetrically arranged 
at definite distances. Similar patterns produced by 
X rays had been obtained by Friedrich and Knipping 
in 1912 and were the first experiments to prove the 
wave nature of X rays. When E. Rupp in 1929 ruled 
fine scratches on a plane metal surface and obtained 
diffraction effects for electrons reflected from this 
artificial diffraction grating, there was no room for 
further doubt. Electrons may exhibit the properties 
of waves, and to the conundrum already propounded 
concerning radiation must be added a corresponding 
one. To the question as to when a particle is 
not a particle comes the answer: when it is a wave. 


PRESENT STATUS OF ELECTRONIC THEORY 


There is after all a sense of relief in finding that 
both radiation and material particles are consistent 
in having this dual and mutual aspect. The puzzle 
raised by the quantum theory in the field of matter 
is, if not fully understood, at least consistent. 
We are forced to conclude that the wave and the 
particle aspects are inseparable and fundamental 
in nature. In fact, to a high degree of presumption, 
they are 2 different aspects of the same thing. 
The question: “Is an electron a wave or a particle?” 
implies a mutual exclusiveness that does not exist; 
the electron is both. A similar question would be 
“Ts a musical note in the soprano register or is it 
pleasing?’ Both pitch and quality are attributes 
of a musical tone. C. G. Darwin suggests that the 
wave aspect and the particle aspect may bear the 
same sort of relation to each other as color bears to 
wave length of light; both are different aspects of 
the same thing. 


sel 


Bizarre as this conception of matter and of radia- 
tion appears, wave-mechanics have shown its ability 
to assist in solving many baffling problems regarding 
the behavior of electrons in addition to its success 
in spectroscopy. The most successful theory of 
electrical conduction in solids to date, by Bloch, 
treats an electric current as the passage of electron 
waves through the substance. Similarly, Fowler and 
Nordheim have shown that the laws of thermionic 
emission may be deduced on the assumption of 
electron waves breaking through the surface of a 
body. A signal success of this method was the 
explanation, hitherto entirely lacking, of electron 
currents obtained from cold metals by the agency 
of very intense electric fields, a phenomenon studied 
experimentally by Millikan and others. A novel 
property of electron waves that developed in this 
connection is that there exists a finite chance that 
an electron wave may escape through a surface 
barrier even though from the usual standpoint its 
energy apparently is not equal to the task. This 
last property of electron waves has within recent 
years been utilized by Gamov and others to explain 
radioactive disintegration. Electron waves within a 
nucleus may have a finite chance of breaking through 
the bonds that hold them—bonds which would 
sentence a classical electron particle to the nucleus 
for life. 

In reviewing the status of the electron, it is clear 
that its properties have been extended considerably 
beyond those contemplated by its discoverers. It 
is clear also that in endowing the electron with a 
spin, a change of mass with velocity, and a wave 
aspect (although these developments have appeared 
to be necessary) the mental conception of an elec- 
tron has lost its vividness. It is no longer, for 
much of the time at least, simply a tangible unit of 
electricity. In the light of quantum mechanical 
theory it shows signs of rapidly becoming a mathe- 
matical abstraction. In these respects it is following 
the trend of the times. Not only has a mental 
picture of fundamental atomic processes become 
difficult or even impossible, but the intrinsic pre- 
cision of the process itself is called into question by 
the most recent theories. The principle of un- 
certainty or indeterminism proposed by Heisenberg 
frankly acknowledges this fact. This principle states 
that it is impossible simultaneously to determine 
with perfect exactness both the position and the 
momentum of an electron. At present the logic 
behind the experimental reasoning in support of this 


principle is unassailable. The electron is so small 
that any attempt to determine its position will 
change its momentum and vice versa. For instance, 
in order to ‘‘see”’ an electron’s position accurately 
it would be necessary to use waves comparable in 
size to an electron. If longer waves were used an 
uncertainty in the position would appear, since the 
position could be determined only to the nearest 
wave length of the light used. This would necessitate 
the use of very short waves, such as y-rays from ~ 
radioactive substances. Such waves have a large 
quantum of energy, and upon striking an electron 
would impart to it a momentum according to the 
Compton effect; thus an uncertainty would appear 
in the momentum. It develops that the product of 
the uncertainty in position and the uncertainty in 
momentum is of the order of magnitude of Planck’s 
constant #. As a result of this principle and as an 
inherent property of the present quantum mechanics, 
in fundamental processes only probabilities can be 
inferred, never a prediction of certainty. It is be- 
lieved in some quarters that in this discovery a new 
fundamental law of nature has been disclosed. 
Whether this is the case or whether present theories 
are deficient in this respect is a matter for future 
investigation to determine. In the meantime, how- 
ever, no criticism can be offered as to the utility of the 
new ideas and methods. As theories they are de- 
signed to explain and to correlate observed facts 
and to point the road for further progress. This 
purpose they are fulfilling admirably. 
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The foregoing article is the second in a special series 
developed under the auspices of the A.I.E.E. com- 
mittee on education and scheduled for publication 


month-by-month during 1934. The purpose of the 
series is to provide, to members of the Institute who are 
interested in improving their time, some general guid- 
ance for contemporary reading and study in several 


important and rapidly advancing fields of science that 
are of special significance to electrical engineers. Each 
of the articles will deal with a specific topic, will 
present a digest of historical and recent develop- 
ments and references to current literature, and_ will 
be prepared by one of the foremost authorities in its 


field. 


ELECTRICAL ENGINEERING 


A Symposium on 


Wire Transmission of Symphonic Music Reproduction in Auditory Perspective 


On April 27, 1933, another milestone in the develop- 
ment of the communication art was passed when the 
music of the Philadelphia Symphony Orchestra was 
picked up in the Academy of Science Hall in Phila- 
delphia and reproduced in Constitution Hall in Wash- 
ington, D. C., with a fidelity, depth, and spatial effect 
that effectively created the illusion of the orchestra's 
presence behind the stage curtain. To achieve this 
effect it was necessary that the frequency, intensity, 
and phase relations of the sound in each ear of each 
listener be reproduced so accurately as to convey not 
only the sounds of the various instruments, but also 
their spatial relations with respect to each other. In 
this experiment a close approximation to complete 


facsimile reproduction of symphonic music was ob- 
tained by using a 3-channel system, each channel in- 
volving its own microphone, amplifier control, trans- 
mission, and reproducing equipment. With such a 
system the auditory illusion was substantially com- 
plete and the effect upon the listening audience in the 
distant hall was essentially the same as though the 
orchestra had been behind the stage curtains there 
instead of miles away in another city. Details of the 
various principles and apparatus involved in the audi- 
tory perspective system used in the Philadeiphia- 
Washington experiment are treated in the 6 papers 
of this symposium appearing on this and the following 
23 pages, and on p. 214-19, inclusive, of this issue. 


Auditory Perspective 
—Basic Requirements 


The fundamental requirements involved in 
a system capable of picking up orchestral 
music, transmitting it a long distance, and 
reproducing it in a large hall, are discussed 
in this first paper of the symposium. 


By 
HARVEY FLETCHER Beliielibsbeeinos 
FELLOW A.LE.E. New von ney. 


I. THIS ELECTRICAL ERA one is 
not surprised to hear that orchestral music can be 
picked up in one city, transmitted a long distance, 
and reproduced in another. Indeed, most people 
think such things are commonplace. They are heard 
every night on the radio. However, anyone who ap- 
preciates good music would not admit that listening 
even to the best radio gives the emotional thrill 
experienced in the concert hall. Nor 1s it evident 
that a listener in a small room ever will be able to 
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get the same effect as that experienced in a large 
hall, although it must be admitted that such a ques- 
tion is debatable. The proper answer will involve 
more than a consideration of only the physical factors. 

This symposium describes principles and apparatus 
involved in the reproduction of music in large halls, 
the reproduction being of a character that may give 
even greater emotional thrills to music lovers than 
those experienced from the original music. This 
statement is based upon the testimony of those who 
have heard some of the few concerts reproduced by 
the apparatus which will be described in the papers 
of this symposium. 

It is well known that when an orchestra plays, 
vibrations which are continually changing in form 
are produced in the air of the concert hall where the 
orchestra is located. An ideal transmission and 
reproducing system may be considered as one that 
produces a similar set of vibrations in a distant con- 
cert hall in which is executed the same time-sequence 
of changes that takes place in the original hall. 
Since such changes are different at different positions 
in the hall, the use of such an ideal system implies 
that at corresponding positions in the two halls this 
time-sequence should be the same. Obviously, this 
never can be true at every position unless the halls 
are the same size and shape; corresponding positions 
would not otherwise exist. Let us consider the case 
where the two halls are the same size and shape and 
also have the same acoustical properties. Let us 
designate the first hall in which the music originates 
by O, and the second one in which the music is re- 
produced by Kk. What requirements are necessary 
to obtain perfect reproduction from O into R such 
that any listener in any part of R will receive the 
same sound effects as if he were in the corresponding 
position in O? 

Suppose there were interposed between the orches- 


tra and the audience a flexible curtain of such a 
nature that it did not interfere with a free passage of 
the sound, and which at the same time had scattered 
uniformly over it microphones which would pick up 
the sound waves and produce a faithful electrical 
copy of them. Assume each microphone to be con- 
nected with a perfect transmission line which termi- 
nates in a projector occupying a corresponding posi- 
tion on a similar curtain in hall R. By a perfect 
transmission line is meant one that delivers to the 
projector electrical energy equal both in form and 
magnitude to that which it receives from the micro- 
phone. If these sound projectors faithfully trans- 
form the electrical vibrations into sound vibrations, 
the audience in hall R should obtain the same effect 
as those listening to the original music in hall O. 

Theoretically, there should be an infinite number 
of such ideal sets of microphones and sound projec- 
tors, and each one should be infinitesimally small. 
Practically, however, when the audience is at a con- 
siderable distance from the orchestra, as usually is 
the case, only a few of these sets are needed to give 
good auditory perspective; that is, to give depth and 
a sense of extensiveness to the source of the music. 
The arrangement of some of these simple systems 
together with their effect upon listeners in various 
parts of the hall is described in the paper by Stein- 
berg and Snow. (Page 12) 

In any practical system it is important to know 
how near these ideal requirements one must ap- 
proach before the listener will be aware that there 
has been any degradation from the ideal. For ex- 
ample, it is well known that whenever a sound is 
suddenly stopped or started, the frequency band 
required to transmit the change faithfully is in- 
finitely wide. Theoretically, then, in order to fulfill 
these ideal requirements for transmitting such sounds, 
all 3 elements in the transmission system should 
transmit all possible frequencies without change. 
Practically, because of the limitations of hearing, this 
is not necessary. If the intensities of some of the 
component frequencies required to represent such 
a change are below the threshold of audibility it is 
obvious that their elimination will not be detected 
by the average normalear. Consequently, for high- 
grade reproduction of sounds it is obvious that, ex- 
cept in very special cases, the range of frequencies 
that the system must transmit is determined by 
the range of hearing rather than by the kind of sound 
that is being reproduced. 

Tests have indicated that, for those having normal 
hearing, pure tones ranging in frequency from 20 to 
20,000 cycles per second can be heard. In order to 
sense the sounds at either of these extreme limits, 
they must have very high intensity. In music these 
frequencies usually are at such low intensities that 
the elimination of frequencies below 40 cps and those 
above 15,000 cps produces no detectable difference 
in the reproduction of symphonic music. These 
same tests also indicated that the further elimination 
of frequencies beyond either of these limits did begin 
to produce noticeable effects, particularly on a cer- 
tain class of sounds produced in the orchestra. For 
example, the elimination of all frequencies above 
13,000 cps produced a detectable change in the repro- 
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duced sound of the snare drum, cymbals, and casta- 
nets. Also, the elimination of frequencies below 40 
cps produced detectable differences in reproduced 
music of the base viol, the bass tuba, and particu- 
larly of the organ. 

Within this range of frequencies the system (the 
combination of the microphone, transmission line, 
and loud speaker) should reproduce the various fre- 
quencies with the same efficiency. Such a general 
statement sounds correct, but a careful analysis of 
it would reveal that when any one tried to build such 
a system or tried to meet such a requirement he 
would have great difficulty in understanding what 
it meant. 

For example, for reproducing all the frequencies 
within this band, a certain system may be said to 
have a uniform efficiency when it operates between 
two rooms under the condition that the pressure 
variation at a certain distance away from the sound 
projector is the same as the pressure variation at a 
certain position in front of the microphone. It is 
obvious, however, that in other positions in the 2 
rooms this relation would not in general hold. Also, 
if the system were transferred into another pair of 
rooms the situation would be entirely changed. 
These difficulties and the way they were met are dis- 
cussed in the papers of this symposium that deal 
with loud speakers and microphones (p. 17) and 
with methods of applying the reproducing system 
to the concert hall (p. 216). It will be obvious from 
these papers that the criterion for determining the 
ideal frequency characteristics to be given to the 
system is arbitrary within certain limits. However, 
solving the problem according to criteria adopted 
Bay a system that gave very satisfactory re- 
sults. 

Besides the requirement on frequency response 
just discussed, the system also must be capable of 
handling sound powers that vary through a very 
wide range. If this discussion were limited to the 
type of symphonic music that now is produced by 
the large orchestras, this range would be about 10,000,- 
000 to 1, or 70 decibels. To reproduce such music 
then, the system should be capable of handling the 
smallest amount of power without introducing ex- 
traneous noises approaching it in intensity, and also 
reproduce the most intense sounds without overload- 
ing any part of the transmission system. However, 
this range is determined by the capacities of the 
musical instruments now available and the man 
power that conveniently can be grouped together 
under one conductor. As soon as a system was built 
that was capable of handling a much wider range, 
the musicians immediately took advantage of it to 
produce certain effects that they previously had 
tried to obtain with the orchestra alone, but without 
success because of the limited power of the instru- 
ments themselves. For these reasons it seems clear 
that the desirable requirements for intensity range 
as well as those for frequency range, are determined 
largely by the ear rather than by the physical charac- 
teristic of any sound. An ideal transmission should 
without introducing an extraneous audible sound, be 
capable of reproducing a sound as faintly as the ear 
can hear and as loudly as the ear can tolerate. Such 
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a range has been determined with the average normal 
ear when using pure tones. The results of recent 
tests are shown in Fig. 1. 

The ordinates are given in decibels above the 
reference intensity which is 107! watts per square 
centimeter. The values are for field intensities exist- 
ing in an air space free from reflecting walls. The 
most intense peaks in music come in the range be- 
tween 200 and 1000 cps. Taking an average for this 
range it may be seen that there is approximately a 
100-db range in intensity for the music, provided 
about 10 db is allowed for the masking of sound in 
the concert hall even when the audience is quietest. 

The music from the largest orchestra utilizes only 
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70 db of this range when it plays in a concert hall of 
usual size. To utilize the full capabilities of the 
hearing range the ideal transmission system should 
add about 10 db on the pp side and 20 db on the ff 
side of the range. The capacity of the sound pro- 
jectors necessary to reach the maximum allowable 
sound that the ear can tolerate varies with the size 
of the room. A good estimate can be cbtained by 
the following consideration. 

If T is the time of reverberation of the hali in 
seconds, E the power of the sound source in watts, 
I the maximum energy density per cubic centimeter 
in joules, and V the volume of the hall in cubic centi- 
meters, then it is well known teat 
ee SEET (1) 

6log.10 V 


Measurements have shown that when the sound in- 
tensity in a free field reaches about 10~* watts per 
square centimeter, the average person begins to Jeel 
the sound. This maximum value is approximately 
the same for all frequencies in the important audible 
range. Any higher intensities, and for some persons 
somewhat lower intensities, become painful and 
may injure the hearing mechanism. This intensity 
corresponds to an energy density J of 3 x 10~° joules. 
Using this figure as the upper limit to be tolerated 


if 
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by the human ear, then, the maximum power of the 
sound source must be given by 


V 
E=41X 107 5 (2) 

For halls like the Academy of Music in Philadel- 
phia and Carnegie Hall in New York City, in which 
the volume V is approximately 2 X 101° cubic centi- 
meters and the reverberation time about 2 sec, EF, 
the power of the sound source, is approximately 400 
watts. For other halls it may be seen that the 
power required for this source is proportional to the 
volume of the hall and inversely proportional to 
the reverberation time. A person would experience 
the sense of feeling when closer than about 10 
meters to such a source of 400 watts power, even in 
free open space. Hence it would be unwise to have 
seats closer than 10 or 15 meters from the stage 
when such powers are to be used. 

These, then, are the general fundamental require- 
ments for an ideal transmission system. How near 
they can be realized with apparatus that we now 
know how to build will be discussed in the papers in- 
cluded in this symposium. 

A system approximately fulfilling these require- 
ments was constructed and used to reproduce the 
music played by the Philadelphia Orchestra. The 
first public demonstration was given in Constitution 
Hall, Washington, D. C., on the evening of April 27, 
1933, under the auspices of the National Academy 
of Sciences. At that time, Dr. Stokowski, Director 
of the Philadelphia Orchestra, manipulated the elec- 
tric controls from a box in the rear of Constitution 
Hall while the orchestra, led by Associate Conductor 
Smallens, played in the Academy of Music in Phila- 
delphia. 

Three microphones of the type described in the 
paper by Wente and Thuras (p. 17) were placed 
before the orchestra in Philadelphia, one on each 
side and one in the center at about 20 ft in front of 
and 10 ft above the first row of instruments in the 
orchestra. The electrical vibrations generated in 
each of these microphones were amplified by volt- 
age amplifiers and then fed into a transmission line 
which was extended to Washington by means of tele- 
phone cable. The construction of these lines, the 
equipment used with them, and their electrical prop- 
erties, are described in the paper by Affel, Chesnut, 
and Mills (p. 28). In Constitution Hall at Wash- 
ington, D. C., these transmission lines were con- 
nected to power amplifiers. The type of power ampli- 
fiers and voltage amplifiers used are described in the 
paper by Scriven (p. 25). The output of these am- 
plifiers fed 3 sets of loud speakers like those described 
in the paper by Wente and Thuras. They were 
placed on the stage in Constitution Hall in posi- 
tions corresponding to the microphones in the 
Academy of Music, Philadelphia. 

Judging from the expression of those who heard 
this concert, the development of this system has 
opened many new possibilities for the reproduction 
and transmission of music that will create even a 
greater emotional appeal than that obtained when 
listening to the music coming directly from the 
orchestra through the air. 
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Auditory Perspective 
—Physical Factors 


In considering the physical factors affecting 
it, auditory perspective is defined in this 
paper as being reproduction which pre- 
serves the spatial relationships of the origi- 
nal sounds. Ideally, this would require an 
infinite number of separate microphone- 
to-speaker channels; practically, it is 
shown that good auditory perspective can 
be obtained with only 2 or 3 channels. 
This is the second paper in the symposium. 


By 
J. C. STEINBERG 


MEMBER ACOUS. SOC. OF AMERICA 


W. B. SNOW 


ASSOCIATE A.1.E.E. 


Bell Tel. Labs., Inc., 
New York, N. Y. 


As to localize the direction, 
and to form some judgment of the distance from a 
sound source under ordinary conditions of listening, 
are matters of common experience. Because of this 
faculty an audience, when listening directly to an 
orchestral production, senses the spatial relations 
of the instruments of the orchestra. This spatial 
character of the sounds gives to the music a sense of 
depth and of extensiveness, and for perfect repro- 
duction should be preserved. In other words, the 
sounds should be reproduced in true auditory per- 
spective. 

In the ordinary methods of reproduction, where 
only a single loud speaking system is used, the 
spatial character of the original sound is imper- 
fectly preserved. Some of the depth properties of 
the original sound may be conveyed by such a sys- 
tem, but the directional properties are lost because 
the audience tends to localize the sound as coming 
from the direction of a single source, the loud speaker. 
Ideally, there are 2 ways of reproducing sounds in 
true auditory perspective. One is binaural repro- 
duction which aims to reproduce in a distant listen- 
er’s ears, by means of head receivers, exact copies of 
the sound vibrations that would exist in his ears if 
he were listening directly. The other method, 
which was described in the first paper of this series, 
uses loud speakers and aims to reproduce in a distant 
hall an exact copy of the pattern of sound vibration 
that exists in the original hall. In the limit, an 
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infinite number of microphones and loud speakers 
of infinitesimal dimensions would be needed. 

Far less ideal arrangements, consisting of as few 
as 2 microphone-loudspeaker sets, have been found 
to give good auditory perspective. Hence, it is not 
necessary to reproduce in the distant hall an exact 
copy of the vibrations existing in the original hall. 
What physical properties of the waves must be 
preserved then, and how are these properties pre- 
served by various arrangements of 2- and 3-channel 
loudspeaker reproducing systems? To answer these 
questions, some very simple localization tests have 
been made with such systems. Perhaps attention 
can be focused more easily on their important 
properties by considering briefly the results of these 
tests. 


LOCALIZATION AFFORDED BY 
MULTICHANNEL SYSTEMS 


In Fig. 1 is shown a diagram of the experimental 
set-up that was used. The microphones, designated 
as LM (left), CM (center), and RM (right), were 
set on a ‘‘pick-up”’ stage that was marked out on the 
floor of an acoustically treated room. The loud 
speakers, designated as LS, CS, and RS, were placed 
in the front end of the auditorium at the Bell Tele- 
phone Laboratories and were concealed from view 
by a curtain of theatrical gauze. The average posi- 
tion of a group of 12 observers is indicated by the 
cross in the rear center part of the auditorium. 

The object of the tests was to determine how a 
caller’s position on the pick-up stage compared with 
his apparent position as judged by the group of ob- 
servers in the auditorium listening to the reproduced 
speech. Words were uttered from some 15 positions 
on the pick-up stage in random order. The 9 posi- 
tions shown in Fig. 1 were always included in the 15, 
the remaining positions being introduced to mini- 
mize memory effects. The reproducing system 
was switched off while the caller moved from one posi- 
tion to the other. 

In the first series of tests, the majority of the ob- 
servers had no previous experience with the set-up. 
They simply were given a sheet of codrdinate paper 
with a single line ruled on it to indicate the line of the 
gauze curtain and asked to locate the apparent posi- 
tion of the caller with respect to this line. Follow- 
ing these tests, the observers were permitted to listen 
to speech from various announced positions on the 
pick-up stage. This gave them some notion of 
the approximate outline of what might be called the 
‘virtual’ stage. These tests then were repeated. 
As there was no significant difference in results, the 
data from both tests have been averaged and are 
shown in Fig. 1. 

The small diagram at the top of Fig. 1 shows 
the caller’s positions with respect to the microphone 
positions on the pick-up stage. The corresponding 
average apparent positions when reproduced are 
shown with respect to the curtain line and the loud- 
speaker positions. The type of reproduction is 
indicated symbolically to the right of the apparent 
position diagrams. 

With 3-channel reproduction there is a reasonably 
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Fig. 1. Diagram of arrangement (left) for sound localization tests and (right) the results obtained 


good correspondence between the caller’s actual 
position on the pick-up stage and his apparent posi- 
tion on the virtual stage. Apparent positions to the 
right or left correspond with actual positions to the 
right or left, and apparent front and rear positions 
correspond with actual front and rear positions. 
Thus the system afforded lateral or “‘angular’’ lo- 
calization as well as fore and aft or “depth” localiza- 
tion. For comparison, there is shown in the last 
diagram the localization afforded by direct listening. 
The crosses indicate a caller’s position in back of the 
gauze curtain and the circles indicate his apparent 
position as judged by the observers listening to his 
speech directly. In both cases, as the caller moved 
back in a straight line on the left or right side of the 
stage, he appeared to follow a curved path pulling 
in toward the rear center; e. g., compare the caller 
positions 1, 2, 3, with the apparent positions 1, 2, 3. 
This distortion was somewhat greater for 3-channel 
reproduction than for direct listening. 

The results obtained with the 2-channel system 
show 2 marked differences from those obtained with 
3-channel reproduction. Positions on the center 
line of the pick-up stage (i. e., 4, 5, 6) all appear in 
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the rear center of the virtual stage, and the virtual 
stage depth for all positions is reduced. The virtual 
stage width, however, is somewhat greater than that 
obtained with 3-channel reproduction. 

Bridging a third microphone across the 2-channel 
system had the effect of pulling the center line posi- 
tions 4, 5, 6, forward, but the virtual stage depth 
remained substantially that afforded by 2-channel 
reproduction, while the virtual stage width was 
decreased somewhat. In this and the other bridged 
arrangements the bridging circuits employed ampli- 
fiers, as represented by the arrows in Fig. 1, in such 
a way that there was a path for speech current only 
in the indicated direction. 

Bridging a third loud speaker across the 2-channel 
system had the effect of increasing the virtual stage 
depth and decreasing the virtual stage width, but 
positions on the center line of the ‘pick-up stage 
appeared in the rear center of the virtual stage as in 
2-channel reproduction. 

Bridging both a third microphone and a third 
loud speaker across the 2-channel system had the 
effect of reducing greatly the virtual stage width. 
The width could be restored by reducing the bridging 
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gains, but fading the bridged microphone out caused 
the front line of the virtual stage to recede at the 
center, whereas fading the bridged loud speaker out 
reduced the virtual stage depth. No fixed set of 
bridging gains was found that would enable the ar- 
rangement to create the virtual stage created by 3 
independent channels. The gains used in obtaining 
the data shown in Fig. 1 are indicated at the right of 
the symbolic circuit diagrams. 


Facrors AFFECTING DEPTH LOCALIZATION 


Before attempting to explain the results that have 
been given in the foregoing, it may be of interest to 
consider certain additional observations that bear 
more specifically upon the factors that enter into the 
“depth” and ‘‘angular’’ localization of sounds. 
The microphones on the pick-up stage receive both 
direct and reverberant sound, the latter being sound 
waves that have been reflected about the room in 
which the pick-up stage is located. Similarly, the 
observer receives the reproduced sounds directly 
and also as reverberant sound caused by reflections 
about the room in which he listens. To determine 
the effects of these factors, the following 3 tests were 
made: 

1. Caller remained stationary on the pick-up stage and close to 
microphone, but the loudness of the sound received by the observer 


was reduced by gain control. This was loudness change without a 
change in ratio of direct to reverberant sound intensity. 


2. Caller moved back from microphone, but gain was increased to 
keep constant the loudness of the sound received by the observer. 
This was a change in the ratio of direct to reverberant sound intensity 
without a loudness change. 


3. Caller moved back from microphone, but no changes were made 
in the gain of the reproducing system. This changed both the ratio 
and the loudness. 


All of the observers agreed that the caller appeared 
definitely to recede in all 3 cases. That is, either a 
reduction in loudness or a decrease in ratio of direct 
to reverberant sound intensity, or both, caused the 
sound to appear to move away from the observer. 
Position tests using variable reverberation with a 
given pick-up stage outline showed that increasing 
the reverberation moved the front line of the virtual 
stage toward the rear, but had slight effect upon the 
rear line. When the microphones were placed out- 
doors to eliminate reverberation, reducing the loud- 
ness either by changing circuit gains or by increasing 
the distance between caller and microphone moved 
the whole virtual stage farther away. It is because 
of these effects that all center line positions on the 
pick-up stage appeared at the rear of the virtual 
stage for 2-channel reproduction. 

It has not been found possible to put these rela- 
tionships on a quantitative basis. Probably a given 
loudness change, or a given change in ratio of direct 
to reverberant sound intensity, causes different sensa- 
tions of depth depending upon the character of the 
reproduced sound and upon the observer’s familiarity 
with the acoustic conditions surrounding the re- 
production. Since the depth localization is inac- 
curate even when listening directly, it is difficult to 
obtain sufficiently accurate data to be of much use 
in a quantitative way. Because of this inaccuracy, 
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good auditory perspective may be obtained with 
reproduced sounds even though the properties con- 
trolling depth localization depart materially from 
those of the original sound. 


ANGULAR LOCALIZATION 


Fortunately, the properties entering into lateral 
or angular localization permit more quantitative 
treatment. In dealing with angular localization, it 
has been found convenient to neglect entirely the 
effects of reverberant sound and to deal only with 
the properties of the sound waves reaching the ob- 
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Fig.2. Variation in loudness level as a sound source 
is rotated in a horizontal plane around the head 


server's ears without reflections. The reflected waves. 
or reverberant sounds do appear to have a small 
effect on angular localization, but it has not been 
found possible to deal with such sound in a quanti- 
tative way. One of the difficulties is that, because. 
of differences in the build-up times of the direct and 
reflected sound waves, the amount of direct sound 
relative to reverberant sound reaching the observer’s. 
ears for impulsive sounds such as speech and music is. 
much greater than would be expected from steady 
state methods of dealing with reverberant sound. 

_For the case of a plane progressive wave from a 
single sound source, and where the observer’s head 
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is held in a fixed position, there are apparently only 
3 factors that can assist in angular localization: 
namely, phase difference, loudness difference, and 
quality difference between the sounds received by 
the 2 ears. 

In applying these factors to the localization of 
sounds from more than one source, as in the present 
case, the effects of phase differences have been neg- 
lected. It is difficult to see how phase differences 
in this case can assist in localization in the ordinary 
way. The 2 remaining factors, loudness and quality 
differences, both arise from the directivity of hearing. 
This directivity probably is due in part to the shadow 
and diffraction effects of the head and to the differ- 
ences in the angle subtended by the ear openings. 
Measurements of the directivity with a source of 
pure tone located in various positions around the 
head in a horizontal plane have been reported by 
Sivian and White.” From these measurements, the 
loudness level differences between near and far ears 
have been determined for various frequencies. 
These differences are shown in Fig. 2 from which, 
using the pure tone data given, similar loudness level 
differences for complex tones may be calculated. 
Such calculated differences for speech are shown in 
Fig. 3: 

As may be inferred from the varying shapes of the 
curves of Fig. 2, the directive effects of hearing intro- 
duce a frequency distortion more or less character- 
istic of the direction from which the sound comes. 
Thus the character or quality of complex sounds 
varies with the angle of the source. There are 
quality differences at each ear for various angles 
of source, and quality differences between the two 
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ears for a given angle of source. In Fig. 4 is 
shown the frequency distortion at the right ear when 
a source of sound is moved from a position on the 
right to one on the left of an observer. It is a graph 
of the ‘‘difference”’ values of Fig. 2 for an angle of 
90 deg. Frequencies above 4,000 cycles per second 
are reduced by as much as 15 to 30 decibels. This 
amount of distortion is sufficient to affect materially 
the quality of speech, particularly as regards the 
loudness of the sibilant sounds. 
Reference to the difference curve of Fig. 3 shows 
that if, for example, a source of speech is 20 deg to 
the right of the median plane the speech heard by the 
right ear is 3 db louder than that heard by the left 
ear. A similar difference exists when the angle is 
167 deg. Presumably, when the right ear hears 


JANUARY 1934 


speech 3 db louder than the left, the observer localizes 
the sound as coming from a position 20 deg or 167 deg 
to the right, depending upon the quality of the speech. 
If this be assumed to be true, even though the dif- 
ference is caused by the combination of sounds of 
similar quality from several sources, it should be 
possible to calculate the apparent angle. 


LOUDNESS THEORY OF LOCALIZATION 


Upon this assumption the apparent angle of the 
source as a function of the difference in decibels 
between the speech levels emitted by the loud 
speakers of the 2- and 3-channel systems has been 
calculated. Each loud speaker contributes an amount 
of direct sound loudness to each ear, depending 
upon its distance from, and its angular position with 
respect to, the observer. These contributions were 
combined on a power basis to give a resultant loud- 
ness of direct sound at each ear, from which the 
difference in loudness between the 2 ears was de- 
termined. The calculated results for the 2- and 3- 
channel systems are shown by the solid lines in Fig. 
5. The y axis shows the apparent angle, positive 
angle being measured in a clockwise direction. 
The x axis shows the difference in decibels between 
the speech levels from the right and left loud speakers. 
The points are observed values taken from Fig. 
1. The observed apparent angles were obtained 
directly from the average observer’s location and 
the average apparent positions shown in Fig. 1. 
The speech levels from each of the loud speakers 
were calculated for each position on the pick-up 
stage. This was done by assuming that the waves 
arriving at the microphone had relative levels 
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inversely proportional to the squares of the dis- 
tances traversed. By correcting for the angle of 
incidence and for the known relative gains of the 
systems, the speech levels from the loud speakers were 
obtained. 

A comparison of the observed and calculated re- 
sults seems to indicate that the loudness difference 
at the 2 ears accounts for the greater part of the 
apparent angle of the reproduced sounds. If this 
is true, the angular location of each position on the 
virtual stage results from a particular loudness 
difference at the 2 ears produced by the speech com- 
ing from the loud speakers. When 3 channels are 
used a definite set of loud speaker speech levels exists 
for each position on the pick-up stage. To create 
these same sets of loud speaker speech levels with the 
bridging arrangement of 3-microphones 3-loud 
speakers already discussed, it would be necessary to 
change the bridging gains for each position on the 
pick-up stage. Hence it could not be expected that 
the arrangement as used (i. e., with fixed gains) 
would create a virtual stage identical with that 
created by 3-channel reproduction. However, with 
proper technique, bridging arrangements on a given 
number of channels can be made to give better re- 
production than would be obtained with the channels 
alone. 


EXPERIMENTAL VERIFICATION OF THEORY 


Considerations of loudness difference indicate that 
all caller positions on the pick-up stage giving the 
same relative loud speaker outputs should be localized 
at the same virtual angle. The solid lines of Fig. 6 
show a stage layout used to test this hypothesis with 
the 2-channel system. All points on each line have a 
constant ratio of distances to the microphones. The 
resulting direct sound differences in pressure ex- 


! 
1 
‘ 
! 
! 
' 
! 
| 
| 


Fig. 6. Pick-up stage contour lines of constant 
apparent angle 


pressed in decibels and the corresponding calculated 
apparent angles are indicated beside the curves. 
The apparent angles were calculated for an observing 
position on a line midway between the 2 loud 
speakers but at a distance from them equal to the 
separation between them. The microphones were 
turned face up at the height of the talker’s lips to 
eliminate quality changes caused by changing in- 
cidence angle. It was found that a caller walking 
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along one of these lines maintained a fairly constant 
virtual angle. For caller positions far from the 
microphones the observed angles were somewhat 
greater than those computed. For highly reverber- 
ant conditions, the tendency was toward greater 
calculated than observed angles. Reverberation 
also decreased the accuracy of localization. 

A change of relative channel gain caused a change 
in virtual angle as would be expected from loudness 
difference considerations. For instance, if the caller 
actually walked the left 3-db line, he seemed to be on 
the 6-db line when the left channel gain was raised 
3db. Many of the effects of moving about the pick- 
up stage could be duplicated by volume control 
manipulation as the caller walked forward and back- 
ward on the center path. With a bridged center 
micfophone substituted for the 2 side microphones 
similar effects were possible and, in addition, the 
caller by speaking close to the microphone could be 
brought to the front of the virtual stage. 

For observing positions near the center of the audi- 
torium the observed angles agreed reasonably well 
with calculations based only upon loudness differ- 
ences. As the observer moved to one side, however, 
the virtual source shifted more rapidly toward the 
nearer loud speaker than was predicted by the com- 
putations. This was true of reproduction in the 
auditorium, both empty and with damping simulat- 
ing an audience, and outdoors on the roof. Com- 
putations and experiment also show a change in 
apparent angle as the observer moves from front to 
rear, but its magnitude is smaller than the error of an 
individual localization observation. Consequently, 
observers in different parts of the auditorium localize 
given points on the pick-up stage at different virtual 
angles. 

Because the levels at the 3 microphones are not 
independent, and because the desired contours de- 
pend upon the effects at the ears, a 3-channel stage 
is not as simple to lay out as a 2-channel stage. For 
a given observing position, however, a set of contour 
lines can be calculated. The dashed lines at the right 
of Fig. 6 show 4 contours thus calculated for the circuit 
condition of Fig. 1 and the observing position pre- 
viously mentioned. The addition of the center 
channel reduces the virtual angle for any given posi- 
tion on the pick-up stage by reducing the resultant 
loudness difference at the ears. Although the 3- 
channel contours approach the 2-channel contours 
in shape at the back of the stage, a given contour 
results in a greater virtual angle for 2- than for 
3-channel reproduction. 

Similar effects were obtained experimentally. As 
in 2-channel reproduction, movements of the caller 
could be simulated by manipulation of the channel 
gains. From an observing standpoint the 3-channel 
system was found to have an important advantage 
over the 2-channel system in that the shift of the 
virtual position for side observing positions was 
smaller. 


EFFECTS OF QUALITY 


Uf the quality from the various loud speakers 
differs, the quality of sound is important to localiza- 
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‘tion. When the 2-channel microphones were so 
arranged that one picked up direct sound and re- 
verberation while the other picked up mostly rever- 
beration, the virtual source was localized exactly in 
the “direct” loud speaker until the power from the 
“reverberant” loud speaker was from 8 to 10 db 
greater. In general, localization tends toward the 
channel giving most natural or “close-up” reproduc- 
tion, and this effect can be used to aid the loudness 
differences in producing angular localization. 


PRINCIPAL CONCLUSIONS 


The principal conclusions that have been drawn 
from these investigations may be summarized as 
follows: 


1. Of the factors influencing angular localization, loudness difference 
of direct sound seems to play the most important part; for certain 
observing positions the effects can be predicted reasonably well from 
computations. When large quality differences exist between the 
loudspeaker outputs, the localization tends toward the more natural 
source. Reverberation appears to be of minor importance unless 
excessive. 


2. Depth localization was found to vary with changes in loudness, 
the ratio of direct to reverberant sound, or both, and in a manner 
not found subject to computational treatment. The actual ratio of 
direct to reverberant sound, and the change in the ratio, both 
appeared to play a part in an observer’s judgment of stage depth. 


8. Observers in various parts of the auditorium localize a given 
source at different virtual positions, as is predicted by loudness 
computations. The virtual source shifts to the side of the stage as 
the observer moves toward the side of the auditorium. Although 
quantitative data have not been obtained, qualitative data on these 
effects indicate that the observed shift is considerably greater than 
that computed. Moving backward and forward in the auditorium 
appears to have only a small effect on the virtual position. 


4. Because of these physical factors controlling auditory perspec- 
tive, point-for-point correlation between pick-up stage and virtual 
stage positions is not obtained for 2- and 3-channel systems. How- 
ever, with stage shapes based upon the ideas of Fig. 7, and with 
suitable use of quality and reverberation, good auditory perspective 
can be produced. Manipulation of circuit conditions probably can 
be used advantageously to heighten the illusions or te produce novel 
effects. 


5. The 3-channel system proved definitely superior to the 2-chaunel 
by eliminating the recession of the center-stage positions and in 
reducing the differences in localization for various observing positions. 
For musical reproduction, the center channel can be used for inde- 
pendent control of soloist renditions. Although the bridged systems 
did not duplicate the performance of the physical third channel, it is 
believed that with suitably developed technique their use wil! im- 
prove 2-channel reproduction in many cases. 


6. The application of acoustic perspective to orchestral reproduc- 
tion in large auditoriums gives more satisfactory performance than 
probably would be suggested by the foregoing discussions. The 
instruments near the front are localized by every one near their cor- 
rect positions. In the ordinary orchestral arrangement, the rear 
instruments will be displaced in the reproduction depending upon the 
listener’s position, but the important aspect is that every auditor 
hears differing sounds from differing places on the stage and is not 
particularly critical of the exact apparent positions of the sounds so 
long as he receives a spatial impression. Consequently 2-channel 
reproduction of orchestral music gives good satisfaction, and the 
difference between it and 3-channel reproduction for music probably 
is less than for speech reproduction or the reproduction of sounds 
from moving sources. 
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Auditory Perspective 
—Loud Speakers 
and Microphones 


In ordinary radio broadcast of symphony 
music, the effort is to create the effect of 
taking the listener to the scene of the pro- 
gram, whereas in reproducing such music 
in a large hall before a large gathering the 
effect required is that of transporting the 
distant orchestra to the listeners. Lacking 
the visual diversion of watching the orches- 
tra play, such an audience centers its in- 
terest more acutely in the music itself, thus 
requiring a high degree of perfection in 
the reproducing apparatus both as to 
quality and as to the illusion of localization 
of the various instruments. Principles of 
design of the loud speakers and micro- 
phones used in the Philadelphia-Washing- 
ton experiment are treated at length in 
this, the third paper of this symposium. 


By 
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A, EARLY AS 1881 a large scale 
musical performance was reproduced by telephone 
instruments at the Paris Electrical Exhibition. 
Microphones were placed on the stage of the Grand 
Opera and connected by wires to head receivers at 
the exposition. It is interesting to note that separate 
channels were provided for each ear so as to give to 
the music perceived by the listener the ‘“‘character 
of relief and localization.”” With head receivers it 
is necessary to generate enough sound of audible in- 
tensity to fill only a volume of space enclosed be- 
tween the head receiver and the ear. As no ampli- 
fiers were available, the production of enough sound 
to fill a large auditorium would have been entirely 
outside the range of possibilities. With the advent 
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of telephone amplifiers, microphone efficiency could 
be sacrificed to the interest of good quality where, 
as in the reproduction of music, this was of primary 
interest. When amplifiers of greater output power 
capacity were developed, loud speakers were intro- 
duced to convert a large part of the electrical power 
into sound so that it could be heard by an audience 
in a large auditorium. Improvements have been 
made in both microphones and loud speakers, result- 
ing in very acceptable quality of reproduction of 
speech and music; as is found, for instance, in the 
better class of motion picture theaters. 

In the reproduction, in a large hall, of the music 
of a symphony orchestra the approach to perfection 
that is needed to satisfy the habitual concert au- 
dience undoubtedly is closer than that demanded for 
any other type of musical performance. The 
interest of the listener here lies solely in the music. 
The reproduction therefore should be such as to give 
to a lover of symphonic music esthetic satisfaction 
at least as great as that which would be given by the 
orchestra itself playing in the same hall. This is 
more than a problem of instrument design, but this 
paper will be restricted to a discussion of the require- 
ments that must be met by the loud speakers and 
microphones, and to a description of the principles 
of design of the instruments used in the transmission 
of the music of the Philadelphia Orchestra from 
Philadelphia to Constitution Hall in Washington. 
Some of the requirements are found in the results of 
measurements that have been made on the volume 
and frequency ranges of the music produced by the 
orchestra. 


GENERAL CONSIDERATIONS : 


The acoustic powers delivered by the several in- 
struments of a symphony orchestra, as well as by 
the orchestra as a whole, have been investigated by 
Sivian, Dunn, and White. Figure 1 was drawn on 
the basis of the values published by them.! The 
ordinates of the horizontal lines give the values of the 
peak powers within the octaves indicated by the 
positions of the lines. For a more exact interpreta- 
tion of these values the reader is referred to the 
original paper, but the chart here given will serve 
to indicate the power that a loud speaker must be 
capable of delivering in the various frequency regions, 
if the reproduced music is to be as loud as that given 
by the orchestra itself. However, it was the plan 
in the Philadelphia-Washington experiment to re- 
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produce the orchestra, when desired, at a level 8 or 
10 db higher, so that with 3 channels each loud speak- 
ing system had to be able to deliver 2 or 3 times the 
powers indicated in Fig. 1. Sivian, Dunn, and White 
also found that for the whole frequency band the 
peak powers in some cases reached values as high as 
65 watts. In order to go 8 db above this value, each 
channel would have to be capable of delivering in the 
neighborhood of 135 watts. 

The chart (Fig. 1) shows that the orchestra de- 
livers sound of comparable intensity throughout 
practically the whole audible range. Although it is 
conceivable that the ear would not be capable of 
detecting a change in quality if some of the higher or 
lower frequencies were suppressed, measurements 
published by W. B. Snow? show that for any change 
in quality in any of the instruments to be undetect- 
able the frequency band should extend from about 
40 to about 13,000 cps. The necessary frequency 
ranges that must be transmitted to obviate notice- 
able change in quality for the different orchestral 
instruments are indicated in the chart of Fig. 2, 
which is taken from the paper by Snow. 

Thus far only the sound generated by the orchestra 
itself has been considered. However, it is well known 
that the esthetic value of orchestral music in a con- 
cert hall is dependent to a very great extent upon 
the acoustic properties of the hall. At first thought 
one might be inclined to leave this out of account 
in considering the reproduction by a loud speaking 
system, as one should normally choose a hall known 
to have satisfactory acoustics for an actual orchestra. 
There would be no further problem in this if the 
orchestral instruments and the loud speaker radiated 
the sound uniformly in all directions, but some of 
the important instruments are quite directive; 
i. e., they radiate much the greater portion of their 
sound through a relatively small angle. As an ex- 
ample, a polar diagram giving the relative intensities 
of the sound radiated in various directions by the 
violin is given in Fig. 3, which is taken from a paper 
published by Backhaus.* The directional char- 
acteristics of some of the instruments is one of 
the chief reasons why the music from an orchestra 
does not sound the same in all parts of a concert 
hall. The music which we hear comes to us in part 
directly and in part indirectly; i. e., after one or 
more reflections from the walls. Both contribute 
to the esthetic value of the music. The ratio of the 
direct to the indirect sound, which has been desig- 
nated by Hughes?’ as the acoustic ratio, is to a first 
approximation inversely proportional to the product 
of the reverberation time and the angle through 
which the sound is radiated.’ For a steady tone by 
far the greater part of the intensity at a given point 
in a hall remote from the source is attributable to 
the indirect sound. However, inasmuch as many of 
the tones of a musical selection are of short duration, 
the direct sound is of great importance; it is this 
sound alone which enables us to localize the source. 
So far as this ratio is concerned, a decrease in the 
radiating angle of a loud speaker is equivalent to a 
reduction in the reverberation time of the hall. 
The effect on the music, however, is not entirely 
equivalent, for the rate of decay of sound in the room 
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is unaltered by a change in directivity of the source, 
as this depends only on the reverberation time. 

As already pointed out, some of the instruments of 
the orchestra are quite directive and others are 
nondirectional. In general, it may be said that the 
instruments of lower register are less directive than 
those of higher register. To have each instrument 
as reproduced by the loud speaker sound just as the 
instrument itself would sound in the same hall, the 
loud speaker would have to reproduce the music from 
each instrument with a directivity corresponding to 
that of the instrument itself. This manifestly is 
impossible. The best that can be hoped for is a com- 
promise. Let the loud speaking system be designed 
so that it is nondirective for the lower frequencies, 
and at the higher frequencies it will radiate the sound 
through a larger angle than the most directive of the 
instruments and through a smaller angle than the 
least directive. Although this compromise means 
that the individual instruments will not sound ex- 
actly like the originals, it carries with it one ad- 
vantage: At all the seats in the hall included in the 
radiating angle and at a given distance from the 
loud speaker the music may be heard to equal ad- 
vantage, whereas with the orchestra itself the most 
desirable seats comprise only a certain portion of the 
hall. The optimum radiating angle is largely a 
matter of judgment; if it is too small the music 
will lack the spatial quality experienced at indoor 
concerts; if it is too large there will be a loss in 
definition. 

There is another respect in which the directivity 
of the source can greatly affect the tone quality. 
Most loud speakers radiate tones of low frequency 
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Fig. 2. Frequency transmission range required to 
produce no noticeable distortion for orchestral 
instruments 


through a relatively large angle, but as the frequency 
is increased this angle becomes smaller and smaller. 
Under this condition the relation between the in- 
tensities of the high and low frequency tones as 
received directly will be different for almost all 
parts of the hall. Hence, even with equalization by 
electrical networks, the reproduction at best can be 
good only at a few places in the hall. Therefore, 
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the sound radiated not only should be contained 
within a certain solid angle, but the radiation 
throughout this angle should be uniform at all 
frequencies. 


THE LouD SPEAKER 


At present 2 kinds of loud speakers are in wide 
commercial use, the direct radiating and the horn 
types. Each has its merits, but the latter was used 
in the Philadelphia-Washington experiment because 
it appears to have definite advantages where such 
large amounts of power are to be radiated. The horn 
type can be given the desired directive properties. 
more readily, and higher values of efficiency through- 
out a wide frequency range are more easily realized. 
In consideration of the large power requirements, 
high efficiency is of special importance because it 
will keep to the lowest possible value the power 
capacity requirements of the amplifiers and because, 
with the heating proportional to one minus the 
efficiency, the danger of burning out the receiving 
units is reduced. 

For efficiently radiating frequencies as low as. 
40 cps, a horn of large dimensions is required. 
In order that the apparatus may not become too 
unwieldy the folded type of horn is preferable, 
but a large folded horn transmits high frequency 


Fig. 3. Variation 
of intensity with 
direction of the 
sound radiated by 
a violin (660 cps) 


L 
SAVE 


tones very inefficiently. As actually used, therefore, 
the loud speaker was constructed in 2 units: one 
for the lower and the other for the higher frequencies, 
an electrical network being used to divide the current 
into 2 frequency bands, the point of division being 
about 3CO cps. 


THE Low FREQUENCY HORN 


When moderate amounts of power are transmitted 
through a horn the sound waves will suffer very little 
distortion, but when the power per unit area becomes. 
large, second-order effects, usually neglected in con- 
sidering waves of small amplitude, must be taken into. 
account. The transmission of waves of large ampli- 
tude through an exponential horn has been investi- 
gated theoretically by M. Y. Rocard.* His in- 
vestigation shows that if W watts are transmitted 
through the throat of an exponential horn a second 
harmonic of intensity RW will be generated, where R’ 
is given by the relation 
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in which f is the frequency of the fundamental, fy 
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the cut-off frequency of the horn, ¢ the velocity of 
sound, p the density of air, and A the area of the 
throat of the horn, all expressed in cgs units. It 
may be noted that the intensity of the harmonic 
increases with the ratio of the frequency to the cut- 
off frequency of the horn; this is another argument 
against attempting to cover too wide a range of 
frequencies with a single horn. In Fig. 1 it is shown 
that in the region of 200 cps the orchestra gives peak 
powers of about 10 watts. If, therefore, 30 watts 
be set as the limit of power that the horn is to 
deliver at 200 cps, 32 cps as the cut-off frequency of 
the horn, and 30 db below the fundamental be as- 
sumed as the limit of tolerance of a second harmonic, 
from eq 1 a throat diameter of about 8 in. is deter- 
mined. 

If the radiation resistance at the throat of a horn 
is not to vary appreciably with frequency, the 
mouth opening must be a substantial fraction of a 
wave length. This condition calls for an unusually 
large horn if frequencies down to 40 cps and below 
are to be transmitted. However, the effect of varia- 
tions in radiation resistance on sound output can be 
kept down to a relatively small value if the receiving 
unit is properly designed. This will be explained 
in the next section. The low frequency horn used 
in these reproductions has a mouth opening of about 
25 sq ft. As computed from well-known formulas ? 
for the exponential horn the impedance of this horn 
with a throat diameter of 8 in. is shown in Fig. 4. 
These curves were computed under the assumption 
that the mouth of the horn is surrounded by a plane 
baffle of infinite extent, a condition closely ap- 
proximated if the horn rests on a stage floor. 


Low FREQUENCY RECEIVING UNIT 


When a moving coil receiving unit, coupled to a 
horn, is connected to an amplifier having an output 
resistance equal to »—1 times the damped resistance 
R of the driving coil, it can easily be shown that the 
sound power output is 


2 
(==) +X 10 
nR 
P= BL? <x 107)? watts (2) 
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where F is the open circuit voltage of the amplifier, 
L the length of wire in the receiver coil, T the ratio 
of the area of the diaphragm to the throat area of 
the horn,7 + jx the throat impedance of the horn, 
and x, the mechanical reactance of the diaphragm 
and coil, the mechanical resistance of which is 
assumed to be negligibly small. From Fig. 4 it 
may be seen that the mean value of x increases as 
the frequency decreases to a value below 40 cps, 
and that x is smaller than 7 except at the very lowest 
frequencies. If, therefore, the stiffness of the 
diaphragm be adjusted so that x, is equal to T? 
times the mean value of x at 40 cps, the second term 
in the denominator may be neglected without 
much error because it will have but little effect upon 
the sound output except at the higher frequencies, 
where the mass reactance of the coil and diaphragm 
may have to be taken into account. 
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If minimum variations in sound output are desired 
for variations in 7, 
BALAN ae 

ra UEE i's (3) 


where 7 is equal to the geometric mean value of r, 
which is approximately equal to Apc. 

If a is the ratio of the resistance at any frequency 
to the mean value, and if the second term in the de- 
nominator is neglected, eq 2 becomes 

ee a 

Res nR(1 + a)? (4) 
In Fig. 4 it is shown that above 35 cps a has extreme 
values of 2.75 and 0.36, at which points there will 


Fig. 4. Radiation resistance and 
reactance of low frequency horn 
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be minimum values in P, but these minimum values 
will not lie more than 1 db below the maximum 
values. Hence, if the receiver satisfies the condition 
of eq 3, the extreme variations in the sound output 
will not exceed 1 db, although the horn resistance 
varies by a factor of 7.5. Also it may be stated here 
that when the condition of eq 3 is satisfied the horn 
is terminated at the throat end by a resistance equal 
to the surge resistance of the horn. Thus eq 3 
establishes a condition of minimum values in the 
transient oscillations of the horn. 

The mean motional impedance of the loud speaker 
vical Ome 


is which, from eq 3, is equal to mR. 


1% 
The condition of eq 3 therefore specifies that the 
efficiency of the loud speaker shall be~ 1° The 


maximum power that an amplifier can deliver with- 
out introducing harmonics exceeding a specified 
value is a function of the impedance into which it 
operates. Therefore, to obtain the maximum acous- 
tic power for a specified harmonic content, the load 
impedance should have the value for which the prod- 
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uct of the loud speaker efficiency and the power 
capacity of the amplifier has a maximum value. 
This optimum value of load impedance for the 
amplifier and loud speaker used in the Philadelphia- 
Washington experiments was found to be about 2.25 
times the output impedance of the amplifier; the 
corresponding value of 7 then is 2.6 and the required 
efficiency 72 per cent. For best operating condi- 
tion a definite value of receiver efficiency thus is 
specified. 

The receiver may be made to satisfy the foregoing 
conditions regardless of the value of 7, the ratio of 
diaphragm area to throat area. The area of the 
diaphragm has, however, a definite relation to the 


Fig. 5. Special loud speaker developed for 
auditory perspective experiment 


maximum power that the receiver can deliver at the 
low frequencies. The peak power delivered by the 
receiver is equal to T’ar,é’w? X 107’ peak watts 
where é is the maximum amplitude of motion of the 
diaphragm. Figure 1 shows that in the region 
lying between 40 and 60 cps, peak powers reach a 
value of from 1 to 2 watts. However, the low fre- 
quency tones of an orchestra are undesirably weak 
and may advantageously be reproduced at a rela- 
tively higher level. Therefore 1t was decided to 
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construct the loud speaker to be able to deliver 25 
watts in this region. 

As the coil moves out of its normal position in the 
air gap, the force factor varies. Harmonics thus 
will be generated, the intensities of which increase 
with increasing amplitude. A limit to the maxi- 
mum value of the amplitude ~ thus is set by the 
harmonic distortion that one is willing to tolerate. 
In this receiver the maximum value of & was taken 
equal to 0.060 in. Figure 4 shows that aw” has a 
minimum value at about 50 cycles, where a is equal 


toabout0.4. These values give a ratio of 4.5 for T. 


Inasmuch as R = = , where a is the resistivity of 


the wire used for the coil and v the volume of the 
coil, from eq 3 is obtained 


By-= noTro10® (5) 


The first member gives the total magnetic energy 
that must be set up in the region occupied by the 
driving coil. This value is fixed by the fact that all 
factors in the second member are specified. The 
same performance is obtained with a small coil and 
high flux density as with a large coil and low flux 
density, provided B*v is held fixed, but the coil in 
arly case should not be made so small that it will be 
incapable of radiating the heat generated within it 
without danger of overheating, nor so large that the 
mass reactance of the coil will reduce the efficiency 
at the higher frequencies. 

This receiver unit, when constructed according 
to the above principles and when connected to an 
amplifier and a horn in the specified manner, should 
be capable of delivering power 3 or 4 times that 
delivered by the orchestra in the frequency region 
lying between 35 and 400 cps, with an efficiency of 
about 70 per cent, and with a variation in sound 
output for a given input power to the amplifier of 
not more than 1 db throughout this range. 


THE HIGH FREQUENCY HORN 


It is well known that a tapered horn of the ordi- 
nary type has a directivity which varies with fre- 
quency. Sound of low frequency is _ projected 
through a relatively large angle. As the frequency 
is increased this angle decreases progressively until, 
at frequencies for which the wave length is small 
compared with the diameter of the mouth opening, 
the sound beam is confined to a very narrow angle 
about the axis of the horn. 

If we had a spherical source of sound (i. e., a source 
consisting of a sphere, the surface of which has a 
radial vibratory motion equal in phase and ampli- 
tude at every point of the surface), sound would be 
radiated uniformly outward in all directions; or, 
if we had only a portion of a spherical surface over 
which the motion is radial and uniform, uniform 
sound radiation still would prevail throughout the 
solid angle subtended at the center of curvature by 
this portion of the sphere, provided its dimensions 
were large compared with the wave length. 
Throughout this region the sound would appear to 
originate at the center of curvature. Hence, for 
the ideal distribution of a spherical source within 
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Fig. 6. Load impedance of speaker diaphragm 


a region to be defined by a certain solid angle, it is 
necessary and sufficient that the radial motion be the 
same in amplitude and phase over the part of a 
spherical surface intercepted by the angle and having 
its center of curvature at the vertex and located at 
a sufficient distance from the vertex to make its 
dimensions large compared with the wave length. 
If, further, these conditions are satisfied for this 
surface at all frequencies, all points lying within the 
solid angle will receive sound of the same wave form. 
A horn was designed to meet these requirements for 
the high frequency band. 

The horn, shown in the upper part of Fig. 5, 
comprises several separate channels, each of which 
has substantially an exponential taper. Toward 
the narrow ends these channels are brought together 
with their axes parallel, and are terminated into a 
single tapered tube which at its other end connects 
to the receiver unit. Sound from the latter is 
transmitted along the single tube as a plane wave 
and is divided equally among the several channels. 
If the channels have the same taper, the speed of 
propagation of sound in them is the same. The 
large ends are so proportioned and placed that the 
particle motion of the air will be in phase and equal 
over the mouth of the horn. This design gives a 
true spherical wave front at the mouth of the horn 
at all frequencies for which the transverse dimensions 
of the mouth opening are a large fraction of a wave 


length. 
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As the frequency is increased, the ratio of wave 
length to transverse width of the channels becomes 
less, and the sound will be confined more and 
more to the immediate neighborhood of the axis of 
each channel. The sound then will not be dis- 
tributed uniformly over the mouth opening of the 
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horn, but each channel will act as an independent 
horn. To have a true spherical wave front up to 
the highest frequencies, the horn would have to be 
divided into a sufficient number of channels to make 
the transverse dimension of each channel small com- 
pared with the wave length up to the highest fre- 
quencies. If it is desired to transmit up to 15,000 
cps, it is not very practical to subdivide the horn to 
that extent. Both the cost of construction and the 
losses in the horn would be high if designed to trans- — 
mit also frequencies as low as 200 cps, as is the case 
under consideration. However, it is not important — 
that at very high frequencies a spherical wave front — 
be established over the whole mouth of the horn. 
For this frequency region it is perfectly satisfactory ~ 
to have each channel act as an independent horn, — 
provided that the construction of the horn is such 
that the direction of the sound waves coming from 
the channels is normal to the spherical wave front. 

The angle through which sound is projected by this 
horn is about 60 deg, both in the vertical and in the 
horizontal direction. For reproducing the orchestra 
2 of these horns, each with a receiving unit, were 
used. They were arranged so that a horizontal 
angle of 120 deg and a vertical angle of 60 deg were 
covered. These angular extensions were sufficient 
to cover most of the seats in the hall with the loud 
speaker on the stage. The vertical angle determines 
to a large extent the ratio of the direct to the indirect 
sound transmitted to the audience. The vertical 
angle of 60 deg was chosen purely on the basis of 
judgment as to what this ratio should be for the most 
pleasing results. 


THE HicH FREQUENCY RECEIVING UNIT 


In the design of the low frequency receiver one of 
the main objectives was to reduce to a minimum 
the variations in sound transmission resulting from 
variations in the throat impedance of the horn. 
However, the high frequency horn readily can be 
made of a size such that the throat resistance has 
relatively small variations within the transmitting 
region. On the other hand, whereas the diameter 
of the diaphragm of the low frequency unit is only 


ELECTRICAL ENGINEERING 


a small fraction of the wave length, that of the high 
frequency unit must be several wave lengths at 
the higher frequencies in order to be capable of 
generating the desired amount of sound. Unless 
special provisions are made there will be a loss in 
efficiency because of differences in phase of the sound 
passing to the horn from various parts of the dia- 
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Fig. 8. Output-frequency characteristic of high 
frequency receiver as measured in a small room 


phragm. The high frequency receiver therefore was 
constructed so that the sound generated by the dia- 
phragm passes through several annular channels. 
There are enough of these channels to make the dis- 
tance from any part of the diaphragm to the nearest 
channel a small fraction of a wave length. These 
channels are so proportioned that the sound waves 
coming through them have an amplitude and phase 
relation such that a substantially plane wave is 
formed at the throat of the horn. 

In the appendix it is shown that, for the higher 
frequencies where the impedance of the horn may be 
taken as equal to pc times the throat area and for 
the type of structure adopted, the radiation resist- 
ance is equal to 
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and the reactance 
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where a is the area of the throat of the horn, 7 the 
ratio of the area of the diaphragm to the throat 


area, k = Z and the other designations are those 


indicated in Fig. 11. At the lower frequencies the 
resistance is 72r and the reactance 7°x where r 
and x are, respectively, the resistance and reactance 
of the throat of the horn. 

Equation 6 shows that at a given frequency, other 
conditions remaining the same, the radiation Te- 
sistance will have a maximum value when / is approxt- 
Rie OG 
2k =4f 
as computed from eq 6 are plotted as a function of 


mately equal to In Fig. 6 the resistances 


h ; 
frequency for several values of me It is seen from 


these curves that the resistance at the higher fre- 
. quencies is determined very largely by the relation 
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of > but is independent of it at the lower frequencies, 


where it is equal to pcaT?. At the lower frequencies 
where the mechanical impedance of the diaphragm 
is negligible, the efficiency, as was the case for the 
low frequency receiver, depends upon the value of 
B*y where v is the volume of the coil, but at the 
higher frequencies the efficiency decreases with 
increasing mass of the coil. It is advantageous, 
therefore, to keep v small and to make B as large 
as is practically possible. Values were selected to 
give the receiver an efficiency of 55 per cent at the 
lower frequencies. For these conditions the rela- 
tive sound power output was computed by eq 2 on 
the assumption that the receiver was connected to 
an amplifier having an output impedance equal to 
0.45 times that of the receiver at the lower frequen- 
cies. Figure 7 shows the values so obtained. 
Corresponding values obtained experimentally when 
the receiver was connected to the horn previously 
described are shown in Figs. 8 and 9, where the 
sizes of the rooms in which the values were obtained 
were, respectively, 5,000 and 100,000 cu ft. Both 
of these curves differ considerably from the com- 
puted curve, particularly as regards loss at high fre- 
quencies. The curve of Fig. 8 shows less, and that 
of Fig..9 more, loss at high frequencies. The 
computed curve, however, refers to the total sound 
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output, whereas the measured curves give average 
values of sound intensity in a certain part of the 
room, values dependent upon the acoustic char- 
acteristics of the room. 

The number of high frequency receivers that must 
be used for each transmitting channel is governed 
largely by the amount of power that the system is to 
deliver before harmonics of an objectionable inten- 
sity are introduced. The generation of harmonics in 
a horn when transmitting waves of large amplitude 
already has been discussed. Let it suffice here to 
say that, for a given percentage harmonic distor- 
tion, the power that can be transmitted through the 
horn is proportional to the area of the throat and 
inversely proportional to the square of the ratio of 
the frequency to the cut-off frequency. 


MICROPHONES 


Inasmuch as the moving coil microphones used 
for the transmission of music in acoustic perspective 
have been described previously’ they will not be 
discussed here at length. Their frequency re- 
sponse characteristic as measured in an open sound 
field for several different angles of incidence of the 
sound wave on the diaphragm are shown in Fig. 
10 where it is seen that the response at the higher 
frequencies becomes less as the angle of incidence is 
increased. In general, this is not a desirable 
property, but with the instruments as used in this 
experiment the sound observed as coming from 
each loud speaker is mainly that which is picked up 
directly in front of each microphone; sound waves 
incident at a large angle do not contribute much. 

At certain times the sound delivered by the 
orchestra is of very low intensity. Therefore it is 
important that the microphones have a sensitivity as 
great as possible, so that the resistance and amplifier 
noises may readily be kept down to a relatively low 
value. At 1,000 cps these microphones, without 
an amplifier, will deliver to a transmission line 
0.05 microwatt when actuated by a sound wave 
having an intensity of 1 microwatt per sqem. This 
sensitivity is believed to be greater than that of 
microphones of other types having comparable 
frequency response characteristics, with the possible 
exception of the carbon microphone. 


Appendix—Load Impedance of a Diaphragm 
Near a Parallel Wall With Slot Openings 


First assume a diaphragm and a parallel wall of infinite extent 
separated by a distance /, and that the wall is slotted by a series of 
equally spaced openings as shown in Fig. 11. From symmetry it 
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is known that when the diaphragm vibrates there will be no flow 
perpendicular to the plane of the paper or across the planes indicated 
by the dotted lines. Therefore only one portion of unit width, such 
as abcdef need be considered. Let the x and y reference axes be 
located as shown. If the general field equation 
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is applied when the diaphragm has a normal velocity equal Ee tot 
the following boundary conditions are obtained: 
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and when y = /, the pressure is equal to the product of acoustic 
impedance and volume velocity or 
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where ¢ is the velocity potential, k = ; | 


sound. 
The appropriate solution of eq 8 then is 
oa cos ky cos k (x — h) 
sin kh 


kh (cos Ee ce ae #1) 


The average reacting force per unit area of the diaphragm is 
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Thus, for the impedance per unit area, which is equal to the force 
divided by the velocity, is obtained 
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In all practical types of loud speakers AS would be very nearly 


equal to 1; then 
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If the total area of the diaphragm is A and that of the corre- 
1 
sponding channels a, then nce ep approximately, and the total 


impedance becomes 
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- Auditory Perspective 


—Amplifiers 


Appreciable care is required in the design 
of a system which must amplify with great 
fidelity practically the whole range of 
audible frequencies and be capable of de- 
livering a high level while at the same time 
providing a wide volume range. Some of 
the problems involved are discussed, par- 
ticularly as applying to the equipment 
used in the reproduction in Washington, 
D. C., of the Philadelphia Symphony Or- 
chestra playing in Philadelphia. This is the 
fourth paper in this symposium. 


By 
E. O. SCRIVEN 


ASSOCIATE A.1.E.E. 


Beli Tel. Labs., Inc., 
New York, N. Y. 


MV ici TUBE AMPLIFIERS 
have been closely identified with the extension of the 
channels of communication since, with completion of 
the initial transcontinental telephone line 20 years 
ago, they first enabled New York to converse with 
San Francisco. There are now thousands of audio 
frequency amplifiers in telephone circuits and in 
sound picture theaters, public address systems, and 
other similar services as well as in the millions of 
radio receiving sets. 

Along with the extension of the field of usefulness 
of audio amplifiers there has been continuing prog- 
ress toward more faithful reproduction, better trans- 
mitters, better receivers, and better amplifiers. 
Those first telephone repeaters, although quite ade- 
quate for their immediate purpose, transmitted a 
frequency band only a few octaves wide. Very 
few radio sets even now cover a range above 3,000 
eps without distortion, and the most up-to-date 
sound picture installation rarely can be depended 
upon for accurate reproduction of frequencies above 
7,000 or 8,000 cps. The requirements as to fre- 
quency range and freedom from distortion for any 
particular service are, in the last analysis, deter- 
mined by public demand. 

However, when one undertakes to reproduce an 
orchestra like the Philadelphia Symphony and to re- 
produce it in such a manner as to satisfy the critical 
ear of the director, or that of the devotee of sym- 
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phonic concerts, one has to provide something out of 
the ordinary in audio amplifiers. 

In his paper, which forms a part of this sympo- 
sium, Dr. Fletcher has pointed out that ‘“‘only the 
elimination of those frequencies below 40 cps and 
those above 15,000 cps produces no detectable differ- 
ence in the reproduction of symphonic music.” 
This, then, is the frequency spectrum that the ampli- 
fier must be designed to handle. Also, it is impor- 
tant that there shall be uniform amplification of all 
parts of the frequency range and that no extraneous 
frequencies shall be introduced. 

Of importance commensurate with the distortion- 
less amplification of the complete frequency range of 
the orcehstra is the provision of an equivalent volume 
of sound. The amplifier must be capable of supply- 
ing to the loud speakers without distortion an amount 
of energy that will produce a sound volume at least 
equivalent to that produced by the orchestra (the 
Philadelphia-Washington installation was designed 
to produce about 10 times this amount). And 
equally important, the amplifier must be so free from 
internal disturbances and from self-induced electrical 
fluctuations that the softest music, the weakest 
input to the microphone, can be reproduced without 
appreciable background noise. According to 
Fletcher the ratio of the heaviest playing of a large 
orchestra sueh as the Philadelphia Symphony Orches- 
tra to the softest music such as that of a violin is 
about 10,000,000 to 1, or 70 db. Thus it is required 
that any noise be at least 75 db below the loudest 
tones; that is, there must be at least a 75-db volume 
range. 

The sources of noise may be divided into 2 groups. 
In the first group are included the 60-cycle alternat- 
ing current power supply, vibration or jar of me- 
chanically unstable vacuum tubes, contact and 
thermoelectric potentials, and similar disturbances, 
which may be reduced to practically any degree de- 
pending upon the lengths to which one is willing to 
go to reduce them. In the second group are those 
electronic irregularities intimately associated with 
the operation of the vacuum tube and which depend 
somewhat upon the design, manufacture, and method 
of operation of the vacuum tube; and which, when 
sufficiently amplified and fed into a loud speaker, 
may be heard as noise. In general, the maximum 
volume range of an amplifier is reached when all 
other disturbances are reduced to the level of this 
tube noise. 

It is evident, then, that under ordinary circum- 
stances the limiting volume range of an amplifier is 
a function of the amount of amplification following the 
first tube. In other words, the magnitude of the 
signal voltage with respect to the noise voltage in the 
plate circuit of the first tube in a multistage ampli- 
fier determines the limiting volume range obtainable 
with that amplifier. 

It will appear that in a sound reproduction system 
a highly efficient microphone simplifies the amplifier 
volume range requirements, and that loud speakers 
of high efficiency reduce the volume required from 
the amplifier. 

Perhaps it is in order to inquire as to what makes 
an amplifier free from frequency distortion over a 
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wide range. The answer might well be: attention 
to impedance relations. A compact, efficient ampli- 
fier requires several pieces of reactive apparatus 
such as transformers, retardation coils, and capaci- 
tors. One must remember that an inductance of one 
henry is equivalent to an impedance of 250 ohms at 
40 cps but that it is nearly 100,000 ohms at 15,000 
cps; that the grid circuit of the vacuum tube is not 
actually an open circuit even though the grid is main- 
tained negative with respect to the cathode, but has 
a reactance which becomes important at high fre- 
quencies or with large ratio input transformers. 
Many years of development in this field have ad- 
vanced the art to the point where transformers trans- 
mitting extremely wide bands now can be designed. 
The commercial production of such designs requires 
rigid inspection including shop transmission measure- 
ments under the actual conditions of use. The 
transformer must be designed for the particular 
type of vacuum tube with which it is to be used. 
First, however, the tube must be designed to permit 
its use under the proposed conditions and then it 
must be manufactured to close limits, every tube of 
a type like every other tube of that type. 

This is, then, the general requirement for a wide 
frequency range amplifier: (1) attention to imped- 
ance relations; (2) meticulous design of each com- 
ponent for the particular job it has to do, and rigid 
inspection to insure that it does that job. 

One might suppose that when the tube designer 
and the coil designer each had done his part the job 
was done. Suchis not the case. The various pieces 
of apparatus have to be gathered together into a 
unit (often a current supply set for supplying anode, 
cathode, and grid potential is assembled with the 
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amplifier) and out of this electrical and physical 
association is apt to arise “‘feed-back’’ and ‘“‘noise.”’ 

When there is coupling between 2 parts of the 
amplification circuit which are at different potential 
or different phase there is feed-back. Feed-back 
sometimes is employed designedly to modify an am- 
plifier characteristic, but, feed-back which may arise 
as a result of a particular arrangement of apparatus 
or wiring ordinarily will cause more or less severe 
frequency distortion. It may be induced due to 
stray electromagnetic or electrostatic fields, which 
must be eliminated by rearrangement of apparatus 
or by shielding; or it may be caused by common cir- 
cuit impedance, requiring circuit modifications. In 
general, a low gain amplifier or one with limited fre- 
quency range presents no feed-back problems, but a 
study of a high-gain wide-range equipment usually 
is necessary in order to determine the best arrange- 
ment. Often modifications of tentative circuit or 
apparatus must be made to obtain satisfactory opera- 
tion. 

The provision of a volume range of some 75 db 
on an energy basis became largely a matter of the 
suppression of a-chum. The low inherent electronic 
noise effect of the Western Electric No. 262A vac- 
uum tube and the relatively high level from the 
microphones kept electronic tube noise well in the 
background. Careful and in some cases rather 
elaborate shielding of audio transformers and leads 
and the segregation of the 60-cycle power equipment 
coupled with the use of vacuum tubes having in- 
directly heated cathodes and specially designed to 
have small stray fields prevented a-c hum trouble in 
the early stages. However, the Western Electric 
No. 242A vacuum tubes used in the push-pull final 


AMPLIFIER 


LOUD 
SPEAKER: 


ty 


AMPLIFIER 


a a a 


E) 


AMPLIFIER 


AMPLIFIER 


AMPLIFIER 


Fig. 1. Schematic diagram of the amplification system used in conveying Philadelphia symphonic music to 
Constitution Hall in Washington, D. C., and there reproducing it in auditory perspective 
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stage have filamentary cathodes, and when 
such tubes have raw a-c filament supply, 
a very appreciable 120-cycle component 
appears in the space current. Although 
theoretically in a perfectly balanced push- 
pull amplifier this component would be 
eliminated, in. practice an exact balance 
cannot be obtained. Asa final step in noise 
elimination, advantage was taken of the 
fact that each channel employed 2 ampli- 
fiers in parallel. Under such conditions 
and with proper phasing of the power sup- 
ply to the 2 amplifiers the net a-c noise out- 
put of the 2 amplifiers in parallel will be 
less than that of either one alone. 

Having reduced feed-back and noise to 
tolerable values, it remains to determine 
the operating conditions for maximum out- 
put. The vacuum tube is not strictly a 
linear device, but, when properly used, the 
total harmonic content can be held to a 
low figure. For a high quality system the 
total harmonics produced in the system 
should not exceed one per cent of the funda- 
mental. This requires that impedance and 
potential relations in the vacuum tubes 
should be adjusted to give approximately 
linear operation; and also that the design 
of audio transformers, particularly those 
carrying considerable levels, must be scru- 
tinized carefully to insure that they operate 
over an essentially linear portion of the 
magnetization curve of the core material. 

An instrument really essential to the design of 
high quality amplifiers is a high sensitivity harmonic 
analyzer that is capable of quickly and accurately 
resolving a complex wave into its simple components. 
By this means the effect of variations in circuit rela- 
tions can be evaluated and the optimum condition 
for maximum distortionless power output determined. 

It may be desirable at this point to exainine the 
make-up of the audio amplification system used 
in the Philadelphia-Washington experiments. It 
should be noted that the arrangement of equipment 
provided for simultaneous reproduction at both 
Philadelphia and Washington. There were 3 com- 
plete and essentially equivalent channels of equip- 
ment actually in use and a fourth complete channel 
held in reserve as a spare. 

Several stages of so-called voltage amplification 
were required preliminary to the final or power stage. 
There is, of course, no essential difference between a 
voltage amplifier and a power amplifier, the term 
“voltage amplifier’ being applied to those prelimi- 
nary stages of an amplification system the function 
of which is so to amplify the output of the pick-up 
device as to supply adequate driving voltage to 
the grids of the power stage. Theoretically, inas- 
much as no energy is absorbed in the ideal grid cir- 
cuit, this voltage increase might be supplied entirely 
by a high ratio input transformer. However, there 
are practical difficulties to the design of such a single 
stage amplifier and therefore multistage vacuum 
tube amplification is employed. 

As a matter of convenience the voltage amplifica- 
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Fig. 2. Amplifying equipment used at Philadelphia. The 
taller racks are 8 ft high and contain A: and Az amplifiers, 
volume indicators, and various controls 


tion for this system was obtained through the use of 
several separate amplifier units in tandem. This 
arrangement not only enabled the ready replacement 
of any unit of the system in case of failure, but it 
also facilitated the insertion of a pad, control poten- 
tiometer, or other network at any desired point. 
Several of these devices were required, and of course 
each introduced a loss. Thus the gross ampli- 
fication of the system used for reproduction at 
Philadelphia was approximately 160 db and for 
Washington 240 db, although the actual difference 
in level between microphone output and loud speaker 
input was but from 80 to 90 db. 

The general scheme of the amplification system 
is shown in Fig. 1. Aj is a single-stage, single-tube 
Western Electric No. 80A amplifier slightly modified 
to meet the particular conditions of use; it has a 
gain of 30 db, and employs a Western Electric No. 
262A vacuum tube. This tube has an equipotential 
cathode, the heater being operated on 10-volt 60- 
cycle alternating current and the anode being sup- 
plied from rectified alternating current. A, is a 2- 
stage amplifier having a single Western Electric No. 
262A vacuum tube in the first stage and push-pull 
Western Electric No. 272A tubes in the second stage. 
It has a gain of 50 db. The cathodes of the tubes 
are energized with low-voltage 60-cycle alternating 
current and the anodes with rectified alternating 
current. Az, the final or power amplifier, is a single 
stage amplifier employing 2 Western Electric No. 
242A vacuum tubes in parallel on each side of a 
push-pull circuit, thus having 4 tubes per amplifier. 
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Two of the A; amplifiers were used in parallel on 
each channel, and were capable of supplying 60 
watts each, or a total of 120 watts, to the loud speak- 
ers. These are rms values. The instantaneous 
peaks of power of course could equal twice this value, 
or 720 watts, for the 3 channels. &, and Ey» are 
equalizers to compensate for any amplitude distor- 
tion that would cause a listener to obtain a different 
tone effect from the loud speakers than he would 
from the actual orchestra. These equalizers are loss 
networks and principally equalize for the acoustic 
characteristic of the loud speakers in the particular 


Auditory Perspective 
—Transmission Lines 


Describing methods whereby high quality 
sound reproduction in auditory perspec- 
tive can be accomplished over long dis- 
tances, this discussion centers largely upon 
a description of the exact technique em- 
ployed in providing communication trans- 
mission circuits for the Philadelphia- Wash- 
ington demonstration. Problems that might 
be involved in carrying out such trans- 
mission on a more widespread scale also are 
touched upon. This is the fifth paper in 
this symposium. 


By 

H. A. AFFEL Kat teland ten Co. 
MEMBER A.I.E.E. New York, N. Y. 
R. W. CHESNUT Bellen babe lace 
ASSOCIATE A.1.E.E. New York, N. ¥ 
R. H. MILLS Bell tele sbenincs 


ASSOCIATE A.1.E.E New York, N. Y- 


Mite ES have been de- 
scribed that will pick up without noticeable distor- 
tion all the sounds given forth by a symphony orches- 
tra. Loud speakers and amplifiers also have been 
described that will accurately reproduce this highest 
quality music in its full range of tone quality and 
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hall, but they are placed in a low energy part of the 
amplification circuit so as not to waste the energy 
of the final power stage. 

In view of the inclusion of the equalizers in the 
amplification system, and particularly because of 
the fact that the amplification of the A; amplifier 
deliberately was made to increase with frequency in 
order to compensate in part for acoustic losses in the 
overall system, the actual amplification-frequency 
curves of the amplifiers are of little importance. 
The equalizers of the system are discussed in a paper 
by Bedell and Kerney. (See page 216.) 


volume. Therefore, the situation obviously re- 
quires connecting transmission paths so perfect in 
their characteristics that reproduction 100 or 200 
miles away may not suffer in comparison with repro- 
duction which may be only 100 or 200 ft from the 
source of music. 

There are several respects in which a long line 
circuit possibly may distort the speech or music 
passed over it, unless considerable effort is expended 
to overcome these tendencies. For example, there 
may be frequency-amplitude distortion; i. e., all the 
notes and overtones may not be transmitted with the 
proper relative volumes. Similarly there may be 
phase or delay distortion, the different frequencies 
may not arrive at the receiving end of the line circuit 
in the same time relationships in which they origi- 
nated. A line circuit is subject also to possible 
inductive disturbances from other communication 
circuits (“crosstalk”), or from power or miscellaneous 
circuits which cause “‘noise’’ at the receiving ter- 
minal. If the circuit contains amplifiers, trans- 
formers, and inductances having magnetic cores, 
it is subject to possible nonlinearity effects; i.e., the 
current at the receiving end of the line may not 
follow exactly the amplitude variations of the 
current applied to the transmitting end or, what is 
more important, spurious intermodulation frequen- 
cies may be generated within the transmission 
circuit and mar the purity of the musical tones. 
The problem of reproduction in auditory perspective, 
using 2 or 3 paralleling channels, also adds the 
requirement that these channels must be substan- 
tially identical in their transmission characteristics. 

With the exception of the last, all these aspects of 
the problem are, of course, not peculiar to symphony 
music transmission. They exist as part of the 
problem of satisfactorily transmitting any telephone 
message. However, the requirements of this new 
high quality transmission have set a new high stand- 
ard of refinement, even as compared with that 
required for ordinary radio chain broadcasting. 
For example, ordinary telephone message trans- 
mission commonly is carried out by circuits having a 
frequency range not exceeding 200 to 3,000 cycles per 
second. Much present-day radio broadcasting in- 
volves a transmission band only from about 100 to 
5,000 cps. This new high quality transmission, 
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' however, requires a range from approximately 40 to 
15,000 cps. Further, with reference to the required 
freedom from interference, ordinary radio broad- 
casting seldom exceeds a volume range greater than 
30 decibels. The new high-quality system, however, 
requires a volume range of at least 65 db, which is 
more than 3,000,000 to 1 expressed as a power ratio. 

In considering the specific problem of transmitting 
from Philadelphia to Washington for the demon- 
stration given on April 27, 1933, several alternative 
methods of providing the required transmission paths 
presented themselves. The arrangement chosen 
consisted in bridging the distance between the 2 
cities by means of carrier channels over cable con- 
ductors. From the telephone toll office in Phila- 
delphia to the toll office in Washington, 3 carrier 
transmission paths were provided in which the music 
frequencies were stepped up from their normal 
position in the audible range to considerably higher 
frequencies. The frequency range from 40 to 15,000 
eps picked up by the microphones was transmitted 
over line circuits in a range from 25,000 to 40,000 eps. 
After being thus stepped up in frequency, the high 
frequency currents were applied to 3 nonloaded pairs 
in an all-underground cable which was equipped 
with repeaters at approximately 25-mile intervals. 
At Washington, step-down or demodulation appa- 
ratus restored the frequencies to their normal 
position in the spectrum. 

For transmission between the auditorium in 
Philadelphia and the toll office there, a distance of 
approximately 3 miles, and for transmission in 
Washington between the telephone toll office and the 
auditorium, about half this distance, normal fre- 
quency transmission over small-gauge pairs in 
ordinary exchange cables was employed. 

The use of the carrier method for the long distance 
transmission has several advantages. In general, 
it permits multiplex operation; i. e., more than one 
message or program on the same pair of wires. Asa 
matter of expediency in this particular case this 
feature of operation was not used, and 3 separate 
pairs were employed, one for each channel. In the 
future the same technique undoubtedly would per- 
mit 2 or possibly more of these extra-broad-band 
transmission paths to be obtained on the same pair of 
conductors. The most important reason for choos- 
ing the carrier method rather than transinission in 
the natural audio-frequency range in this particular 
case was that, because all other transmission circuits 
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in the same cable were at a considerably lower 
frequency and because the lead sheath of the cable 
acts efficiently at the high frequencies to shield the 
pairs from induced disturbances from the outside, 
it offered a special freedom from crosstalk and noise. 

With these arrangements, which will be described 
in somewhat greater detail in what follows, require- 
ments of transmission were met very satisfactorily 
and the reproduction of the symphony music in 
Washington with the orchestra playing in Phila- 
delphia suffered not the least in comparison wiht the 
reproduction of the same program in an auditorium 
in Philadelphia located but a few feet from the hall 
in which the orchestra played. It is believed that, 
if necessary, by the use of the same principles, line 
circuits may be set up and comparable quality repro- 
duction given throughout the country. However, as 
will be evident from part of the discussion which 
follows, in some respects the problem of meeting 
the requirements in transmission between Phila- 
delphia and Washington was not as difficult as might 
be encountered in other localities. Hence even more 
complex arrangements might be necessary if it were 
desired to establish such transmission circuits to 
other points, and particularly for greater distances. 


LINE CIRCUITS 


There are several all-underground cables between 
Philadelphia and Washington. As described in a 
paper! by Clark and Green given before the A.I.E.E. 
in 1930, recently laid cables contain several 16-gauge 
conductors distributed throughout the cross section 
of the cable for possible use as program circuits in 
chain broadcasting. These pairs, however, ordi- 
narily are loaded and equipped with repeaters at 
approximately 50-mile intervals so that they trans- 
mit a frequency range up to about 8,000 cps. 

In one of the cables several pairs of this type had 
not yet been loaded, and these pairs were used for 
this newer transmission. Because of the higher 
frequencies employed and the greater attenuation 
encountered, it was necessary to install repeaters at 
more frequent intervals. As may be noted in Fig. 1, 
the normal cable layout between Philadelphia and 
Washington includes 2 intermediate repeater sta- 
tions, one at Elkton and one at Baltimore. Addi- 
tional repeater stations were established accordingly 
at in-between points—Holly Oak, Abingdon, and 
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Fig. 1. Geographical layout of 3-circuit communication line used to carry Philadelphia symphony music to 
Washington, D. C., for reproduction in auditory perspective 
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was established in a local telephone office. No such 
convenient housing existed at the other 2 points, and 
it was necessary to establish new repeater stations. 
These were small metal structures large enough to 
house only the repeaters, their power supply, and 


“ 


Fig. 2. Line 
attenuation char- 
acteristic of typi- 
cal repeater sec- 
tion S js ie as wh as a ea ee 
FREQUENCY IN KILOCYCLES PER SECOND 


LOSS IN DECIBELS 
w > wn 
Ss So So 


testing equipment. This apparatus was arranged to 
be normally nonattended, various switching actions 
being remotely controlled from the nearest regular 
repeater station. 

The line attenuation between repeater points is 
shown in Fig. 2. It may be noted that the attenua- 
tion is approximately 50 db for the highest carrier 
frequency involved. A diagram showing the varia- 
tions in power level as the carrier waves traverse the 
complete circuit is shown in Fig. 3. Because of the 
variation in attenuation over the frequency range 
employed it was necessary, of course, to use equal- 
izers at the input of each repeater; i. e., networks 
having an attenuation variation with frequency 
approximately the inverse of that of the line circuit. 


NOISE 


In setting up these circuits various tests, including 
measurements of noise currents picked up by the 
conductors to be employed, were made prior to the 
actual installation of the apparatus. It was dis- 
covered that on the cable circuits north of Baltimore 
these pairs were picking up sufficient noise even at 
the higher frequencies to constitute a possible limita- 
tion in the volume range that might be delivered. 
This noise was generated chiefly as a by-product of 
relay and other similar operations within the Balti- 
more office and was propagated over the longitudinal 
circuits of various pairs in the cable from which, by 
induction, it entered the special selected pairs. Asa 
remedial measure, longitudinally acting choke coils 
applied to all but the specially selected pairs in the 
cable greatly reduced the noise. Shielding and 
physical separation were employed in the Baltimore 
office to prevent induction between the repeaters and 
the connection to the main cable. If it is desired to 
use existing cables for carrier transmission, particu- 
larly for such high grade transmission circuits, it 
seems likely that filtering arrangements of this kind, 
or other precautions, generally will be required. 


CARRIER APPARATUS 


The carrier system employed may be characterized 
briefly as single-sideband carrier-suppressed, with 
perfectly synchronized carrier frequencies of 40,000 
cps. Most present-day commercial telephone carrier 
systems are of the single-sideband carrier-suppressed 
type. Suppressing one sideband saves frequency 
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space and suppressing the carrier reduces the load on 
the line amplifiers or repeaters. Ordinarily the 
exact synchronization of the carrier frequencies at 
the sending and receiving ends is not required for 
message telephone service. ; 

Obtaining a single sideband after modulation 
commonly is carried out by providing band filters 
which transmit the desired sideband and suppress the 
unwanted sideband. For the requirements of mes- 
sage telephone transmission this does not impose 
severe requirements in the design of filters because 
audio frequencies less than about 100-200 cps 
ordinarily are not transmitted, in which case, if the 
filter in suppressing the unwanted sideband tends to 
cut off the lower frequencies of the desired sideband, 
it is not important. 

For the requirements of this new high quality 
system, however, where it was desired to transmit 
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all frequencies to at least as low as 40 cps, the 
problem was considerably more difficult. Two 
alternatives presented themselves in the design of 
the required filters. The first consisted in attempt- 
ing to provide the required selectivity in the filters 
themselves, perhaps supplementing the actions of 
inductance coils and condensers (which normally 
make up such a filter structure) by quartz crystals to 
provide the sharp selectivity required on the sides 
of the band. The other alternative consisted in 
providing a filter of moderate selectivity so that in 
the neighborhood of the carrier frequency the un- 
wanted sideband is not completely suppressed, and in 
arranging that the resultant reproduced music at the 
receiving terminal is obtained by the proper coérdi- 
nation of the desired and the vestige of the unwanted 
sideband. The “‘vestigial’’ sideband method was 
decided upon. Although this does not require 
filters having particularly sharp selectivity on the 
sides of the band, it does, however, impose more 
severe requirements upon the control of the phase 
characteristics of the filters in the neighborhood of 
the carrier frequency. It makes it necessary also to 
have the carrier frequencies at the sending and 
receiving ends not only synchronized, but phase 
controlled as described later. 

For the modulating elements in the system at both 
the sending and receiving terminals, copper oxide 
rectifying disks were chosen. These elements can 
be made very simple. In stability, with respect to 
transmission loss and the ability to suppress the 
unwanted carrier frequency by balanced circuits, 
this arrangement is superior to the usual vacuum 
tube circuits. 

In Fig. 4 is shown schematically the arrangements 
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’ of the carrier circuit at the transmitting and receiving 
ends. At the transmitting terminal the circuit 
from the microphones is led first through low- and 
high-pass filters to limit the bands to the desired 
width; i.e., 40 cps to 15,000 cps. The 40-cycle 
limiting filter was included because tests had demon- 
strated that lower frequencies are not required for 
the satisfactory transmission of music of symphony 
character, and because it was feared that occasional 
high energy pulses of subaudible frequency might 
cause overloading. When these 40-cycle filters are 
omitted, as was done in tests, the carrier channels are 
capable of transmitting frequencies down to and 
including zero frequency, a characteristic which 
could not possibly be obtained in a single sideband 
system by other than such a vestigial sideband 
technique. 

As may be noted further in Fig. 4, carrier current 
is supplied to the rectifying disks of the modulator 
along with the incoming music frequencies. The 

_ balancing connection of the 4 rectifying disks making 
up the modulator is arranged to suppress the carrier 

frequency, the final degree of suppression being 
adjusted by means of the variable condenser and 
resistance shown, which were included to make up 
for slight dissimilarities in the characteristics of the 
individual copper disks. A very high degree of 
carrier suppression can be achieved by this means. 
No difficulty was experienced in maintaining a ratio 
of at least 60 db between the carrier voltage applied 
to the unit and the residual carrier current not 
completely balanced out. Over short periods an 
even higher degree of balance can be readily ob- 
tained. 


There is a certain amount of electrical noise gener- 
ated in the rectifying disks over and above that 
caused by thermal agitation?’ effects. The amount 
of this noise compared with the maximum permis- 
sible modulation output determines the volume range 
possibilities of a modulator of this type. Measure- 
ments indicated that this range was approximately 
90 db, which obviously was more than sufficient to 
meet the requirements desired. 

The circuit includes a relay and a meter through 
both of which flows the d-c component produced 
by the rectification of the carrier frequency. 
These supplementary units give a check on the mag- 
nitude of the carrier supply and afford an alarm 
in case of failure. From the modulator unit the 
circuit is connected to the band filter which 
transmits only the lower sideband lying between 
approximately 25,000 and 40,000 cps and the vestige 
of the upper sideband. From the band filter the 
currents are led to an amplifier and thence to the 
line circuit leading to the farther terminal. 

It may be noted that at the transmitting terminal 
the 40,000-cycle carrier current is derived from a 
20,000-cycle oscillator by passing its output through 
a series of copper oxide rectifiers connected to form a 
frequency doubler. Part of the originally generated 
20,000 cycles also is connected to the input of the 
transmitting amplifier and sent over the line to be 
used in producing the 40,000-cycle carrier supply for 
demodulation. 

At the receiving terminal a similar modulation or 
demodulation process occurs through the use of 
copper oxide disk circuits. A relay and meter also 
are included in the circuit to check the carrier supply, 


TRANSMITTING TERMINAL 


COPPER OXIDE 
HIGH PASS LOW PASS MODULATOR 


VEER EQUALIZER FILTER 


LINE FROM 
MICROPHONE 


40 KC 40 KC 
TUNED COUPLING 
AMPLIFIER CIRCUIT 


COPPER OXIDE 


FREQUENCY . 


DOUBLER 


20 KC 
OSCILLATOR 


CABLE 
EQUALIZER AMPLIFIER 


BAND FILTER 
AND 


A 
ATTENUATOR EQUALIZER 


PH 
ADJUSTMENT 


COPPER OXIDE 
FREQUENCY 
DOUBLER 


BAND FILTER 
AND ‘ 
EQUALIZER AMPLIFIER 
cK — 
AS LINE 


COPPER OXIDE 
DEMODULATOR LOW PASS 
FILTER 


TO 
LOUD SPEAKERS 


40 KC 
TUNED COUPLING 
AMPLIFIER CIRCUIT 


CRYSTAL CARRIER 
SUPPLY FILTER 


40 KC 


RECEIVING TERMINAL 


Fig. 4. Schematic diagram of carrier terminal circuits 
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in this case providing also a check or pilot of the 
transmission over the long line circuit. The 20,000- 
cycle synchronizing current is selected at the receiv- 
ing terminal, amplified and applied to a frequency 
doubler, and thence applied to the demodulator 
circuit. The input of this carrier supply circuit 
includes also a phase adjusting variable condenser 
arrangement so that the phase of the carrier sup- 
plied to the demodulator may be adjusted properly 
in relation to that of the carrier supplied to the 
modulator at the sending end. An interesting 
feature of the receiving terminal carrier supply is the 
quartz crystal filter employed to select the 40,000- 


Fig. 5.‘ Trans- 
mission _charac- 
teristic of carrier 
supply crystal 

filter 
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cycle carrier after frequency doubling. The trans- 
mission characteristic of this extremely selective 
filter is shown in Fig. 5. 


FILTERS 


The transmission characteristics of the carrier 
channels are determined largely by the filters and 
associated equalizers. The filters principally affect- 
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Fig. 6. Transmission and phase characteristics of 


band filter 


ing transmission are the band filters. Identical 
units are employed at the sending and receiving ends. 
The transmission and phase shift characteristics of 
one of these units are shown in Fig. 6. These band 
filters are equalized to produce the desired squared 
band characteristic. 

The characteristics in the frequency region near 
the carrier (i. e., at 40,000 cycles) are shown on a 
large scale. This region is of particular interest 
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because it is here that the degree of success in the 
application of the vestigial sideband method, for the 
purpose of insuring the satisfactory transmission of 
the low music frequencies, is determined. If for a 
given frequency interval above the carrier the phase 
change is arranged to be equal and opposite to that 
of the same frequency interval below the carrier, 
then in the action of demodulation the demodulated 
current produced by the action of one sideband adds 
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Fig. 7. Over-all transmission characteristics as a func- 
tion of the phase relation of the receiving carrier 


itself arithmetically to that produced by the other 
sideband. It will be noted that this desirable phase 
characteristic has been achieved closely in the 
characteristics shown. If, in addition, the attenua- 
tion loss in the filter is adjusted so that the sum of the 
regular and vestigial sideband amplitudes corre- 
sponding to the low music frequencies is substantially 
constant and equal to the amplitude of the fre- 
quencies at midband, the desired flat transmission 
characteristic is assured. 

As was noted previously, this action can be carried 
out only if the phase angle of the receiving carrier is 
properly related to thht of the sideband frequencies 
and, in turn, to the carrier applied to the modulator 
at the transmitting terminal. The curves shown in 
Fig. 7 illustrate the influence that the phase adjust- 
ment of the carrier frequency has on the trans- 
mission of the lower frequencies in a system of this 
kind. 

The upper curve shows the transmission fre- 
quency characteristic of one of the carrier channels 
measured from terminal to terminal between dis- 
tortionless lines, when the phase angle of the re- 
ceiving carrier is adjusted for its optimum value. 
Under these conditions the vestigial sideband and 
normal sideband supplement each other in their 
effects to produce substantially flat transmission. 
(The insert indicates the sustained transmission 
toward zero frequency when the 40-cycle highpass 
filter is omitted from the circuit.) It may be noted 
also that with this proper phase adjustment the full 
band transmission characteristic provided is sub- 


This paper continued on p. 214. The sixth and final paper 
in this symposium entitled ‘“Auditory Perspective—System 
Adaptation” follows the remainder of this paper, beginning 
on p. 216. 
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Lightning Measured 
on 4-kv Overhead Circuits 


For the past 4 years actual lightning po- 
tentials on the 4-kv overhead distribution 
system of the Commonwealth Edison Com- 
pany, Chicago, have been measured by 
means of surge voltage recorders. The 
methods used and conclusions drawn from 
the results obtained are given here. 


By 

HERMAN HALPERIN Commonwealth Edison 
MEMBER A.I.E.E. Company, Chicago, III. 
K. B. McEACHRON General Electric Company, 
MEMBER A.|.E.E. Pittsfield, Mass. 


a bee work seems unique in that di- 
rect measurements of the potentials of natural light- 
ning surges impressed on the distribution system 
have been made. Heretofore A.I.E.E. papers on 
the magnitude of natural lightning potentials on 
overhead systems have been confined to the results 
of measurements on high voltage lines. The direct 
application of this high voltage data to the design 
of overhead distribution systems is neither simple 
nor accurate; consideration must be given, for 
example, to the different types of construction in- 
volved, to the effect of tap lines and of spacing of 
equipment, to length of circuits, and to relatively 
low impulse strength of distribution equipment. 
Furthermore, on the high voltage lines it usually is 
possible to have a full development of lightning 
surges into traveling waves, whereas on distribution 
circuits the waves develop to little or no exteiuit. 

It seemed therefore that an investigation of the 
lightning potentials occurring on an overhead dis- 
tribution system should be of considerable value 
in the design of transformers and other overhead 
plant equipment, and in the design and application 
of lightning protective equipment. | The present 
study supplements Roper’s' statistical investiga- 
tions of lightning protection on the Chicago system. 

The principal conclusions to be drawn from the 
results of this investigation are: 

1. Lightning voltages at transformers are reduced materially by 
the use of arresters. 


2. Usually arresters on urban circuits must be capable of discharg- 
ing successfully surge currents less than 300 amperes. 


3. With the arrester ground and secondary neutral main intercon- 


icati A.1.E.E. committee on 
Full text of a paper recommended for publication by the C 
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publication Nov. 13, 1933. Not published in pamphlet form. 
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nected, only the arrester potential appears between the primary 
coil and the secondary neutral main. 


4. Known direct strokes had negative polarity and the maximum 
voltage was 488 kv. 


5. Where there was no evidence of flashover, the voltages recorded 
on these distribution lines in open territory with little equipment 
were about 300 kv or less. 


6. Voltages below the flashover value of the line insulation probably 
were induced surges, and for the higher voltages there was a pre- 
ponderance of negative surges. 


7. The probability that high lightning voltages may occur at 
transformer jocations on “‘long’’ circuits is 10 or 20 times as great 
as that for urban circuits. The probability of direct strokes is re- 
mote. 


8. For the long circuits, lightning voltages caused by a single cloud 
discharge seem to cover 1,000 to 3,000 ft of the line. Generally 
on urban circuits the voltages are restricted considerably more by the 
closely spaced arresters. 

9. Usually in urban territory the maximum lightning voltages im- 
pressed are considerably less than 200 kv. 


10. For lightning voltages of the same magnitude, the insulation 
of transformers having the interconnection is stressed considerably 
less than insulation of transformers having normal arrester protec- 
tion. 


DISTRIBUTION SYSTEM 


The distribution plant! is a 4-wire, 3-phase, 
2,300/4,000-volt system with the neutral grounded 
at the substation. All the circuits leave the sub- 
stations via underground cables, and all the line 
transformers are single-phase. Arresters are in- 
stalled on the primary wires only. One 3,000-volt 
and one 300-volt arrester are installed on the same 
pole with each lighting transformer, while on 3- 
transformer installations 3 3,000-volt arresters and 
1 300-volt arrester are installed with the further 
limitation that the maximum number on trans- 
formers in 1 block is 3 3,000-volt and 1 300-volt 
arrester. Arresters are installed at cable poles on 
each primary wire extending from the pole; the 
distance between arresters on each phase wire 
generally is less than 1,000 ft. The resistance of 
over 97 per cent of the arrester grounds is 25 ohms 
or less; and of 0.3 per cent the resistance is above 
50 ohms. 

The terrain of Chicago is quite flat. The primary 
wires are about 28 ft above ground; the secondary 
mains usually are installed on a separate arm 2 ft 
below the primaries. The wire spacings and in- 
sulators used are standard for such circuits. The 
secondary neutral main is grounded to driven pipes 
and generally to several water pipes in customers’ 
premises in each block. In about 85 per cent of 
the cases the secondary neutral mains of adjacent 
blocks are interconnected. The combined secondary 
grounds have a resistance of less than one ohm. 


MeETHOD OF INVESTIGATION 


The surge voltage recorders used were of the 
stationary film type? and were developed by the 
General Electric Company for this investigation. 
The device consists essentially of a porcelain housing 
and removable container with 2 films that record 
direct and reversed polarity measurements of each 
surge. The instrument has a range of 2.5 to about 


1. For references see end of paper. 
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30 kv, and has a possible error of about 20 per cent. 
To record voltages above 30 kv, a capacitance 
voltage divider consisting of 1, 2, or 3 standard sus- 
pension insulator units was mounted rigidly on the 
top of the recorder, giving maximum voltages within 


i} 


SURGE RECORDER / 

WITH 4. 7 

POTENTIOMETER 
Le 


Fig. 1. Installation of 8 surge recorders on trans- 
former pole. Voltages at transformer shown in 
Fig. 7 were obtained at a similar installation. 


the calibration range of the recorder of 150, 230, 
and 390 kv, respectively. Voltages somewhat higher 
could be estimated. 

About 100 recorders were installed in various 
types of locations scattered over the city. Re- 
corders were installed on ordinary line poles and on 
poles carrying transformers or cable terminals with 
various types of arresters. Eight recorders were 
installed on each of 8 transformer poles (Fig. 1) to 
obtain information on the magnitude of the im- 
pressed lightning surge and on its division among 
the various portions of the apparatus (Fig. 7). 

To determine the magnitude of surge currents 
passing through distribution arresters, a special 
thyrite arrester with leads brought out from the 
terminals of the thyrite disk itself was installed 
on the first pole adjacent to each of these transformer 
poles, and a recorder was connected in parallel with 
the disk. The arrester was connected to a different 
primary phase wire than was the transformer. 

Two recorders were installed on each of 8 cable 
poles. Two of these installations were made in the 
same blocks as those in which 8 recorders were 
installed on the transformer poles. In these 2 
blocks a recorder also was connected between the 
open end of the primary mains and ground. 

In order to obtain information on long primary 
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lines to which little apparatus is connected—a 
condition that applies to a small portion of Chicago— 
recorders were connected every 400 ft of 1,600 it 
of primary line at 2 different locations in open 
country (see Fig. 2). 

Early in 1932 the Commonwealth Edison Com- 
pany began to make interconnections of the ground 
side of lightning arresters with the secondary neutral 
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Fig. 2. Installation of surge voltage recorders on 2 
“long” circuits. Spacings between recorders are 
averages for the 2 locations studied 


mains. The data heretofore reported®* on the 
benefit of interconnection have been obtained with 
artificial surges. In order to check these studies in 
the field, 2 recorders were installed at each of 12 
locations having interconnections. These  re- 
corders are illustrated in Fig. 3. 
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Fig. 3. Surge volt- 
age recorders at 
transformer with in- 

terconnection 
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In general, precautions were taken to obtain 
clearances in order that the effects of mutual coupling 
of adjacent connections might be kept to a minimum. 
The separate grounds for the recorders were all 
driven 8 ft or more from the arrester ground, and 
the 2 ground wires were installed on opposite sides 
of the pole to minimize their mutual effects. The 
ground resistances at the test locations were about 
15 ohms. 

Replacements of films were made after each storm 
which seemed sufficiently severe to make probable 
the obtaining of records. It was possible that sev- 
eral surges could be impressed upon the recorders 
during any one storm, but there were few cases of 
superposition of Lichtenberg figures on the films. 
After development of the films, the voltages in- 
dicated by the positive figures were estimated from 
a calibration curve, since the negative figure cannot 
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accurately be calibrated. Information of trouble 
on the system due to lightning was correlated with 
the data furnished by the recorders. 
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SURGE VOLTAGES RECORDED 


During the investigation, 1,883 pairs of films 
were developed, or an average of about 5 pairs of 
films per recorder per year; 311 voltages were 
recorded. (Tables I and II.) 

Analysis shows (Fig. 4) for both urban and “long” 
circuits a preponderance of negative surges of high 
magnitudes. Some high negative voltages not 


Table I—General Statistical Data on Lightning on 4,000-Volt 


Circuits 
Transformer Troubles No. of 
Due to Lightning Pairs 
———— Of Sure Per Cent 
No. of No. of Recorder No.of of Films 
Thunder- Fuse No. of Films Records Showing 
Year storms Blowings Burnouts Installed Obtained Records 
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ER eg nee GO sos-s-ane PORT oe acc nes 402 Ft hy S Seao ale a Ola es 16.5 


* To November 1, 1933. 
Note: Average number of transformers on overhead system in 1930 to 1933, in- 
clusive, was 32,926. 


associated with damage to poles or crossarms were 

measured. These may have been induced by the 
discharge of a positive cloud or, in some cases, may 
have resulted from streamers from negative direct 
strokes. This is in agreement with measurements on 
transmission lines where the highest voltages were 
predominantly negative. 


Table II—Summary of Surge Voitages 


Figure 5 shows that the probability of high light- 
ning voltages on long exposed circuits with low 
arrester densities is 10 or 20 times that on urban 
circuits. Under Chicago conditions, for example, 
the probabilities of a transformer installation being 
subjected to a surge voltage of 50 kv during a 
thunderstorm are about 1.9 per cent for long circuits 
and about 0.15 per cent for urban circuits. Very 
high voltages are rare; Chicago data’ indicating 1 
transformer failure due to a direct stroke per 200,000 
transformers per storm. Cases in which there was 
damage such as shattering of the pole or cross-arm 
or injury to near-by trees were considered as direct 
strokes. 

“Long” Circuits. The highest voltage recorded 
was 488 kv, and this was obtained on a long circuit. 
There was evidence that a direct stroke or side flash 
had occurred on the pole on which the record was 
obtained. The adjacent recorders on each side 
indicated voltages of the order of 290 kv and 95 kv. 
An arrester was installed at the latter location. 
At the other long circuit location, 475 kv was re- 
corded in another storm; again there was evidence 
of a direct stroke on the pole on which the record 
was obtained. A record of 277 kv was obtained in 
a case where there was evidence of flashover on 
several poles. It was unusual that 3 direct strokes 
or side flashes occurred at these locations in only 4 
years. Voltages of slightly lesser magnitude have 
been recorded where no evidence of flashover has 
been found. Probably the maximum voltage which 
can exist on these circuits without flashover of the 
line insulation is of the order of 300 kv. 

Also, these installations have furnished some 
interesting data on the spread of voltages over the 
line, and have given evidence that fully developed 
traveling waves do not exist on distribution circuits 
(Fig. 6). An impulse voltage caused by a single 
cloud discharge seems to cover approximately 1,000 
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to 3,000 ft of line and the profiles of the voltages 
possibly resemble the distribution of bound charges. 

It is to be noted that the lightning voltages at 
the poles with arresters did not exceed 148 kv, and 
were considerably below the voltages measured at 
the adjacent recorder poles. In general, however, 
the voltages at these arresters were considerably 
above those recorded at the other locations, which 
were in normal city territory. 

Cable Poles. At cable poles the maximum voltages 
recorded were 78 kv between phase wire and ground, 
and 33 kv between phase wire and lead sheath. 
There were no indications of direct strokes. The 
indicated voltage of about 45 kv between lead 
sheath and ground may lead one to expect severe 
damage to the lead sheath caused by arcing from 
the sheath to the iron pipe risers at the cable poles. 
No such damage has been found on the Chicago 
system. The existence of voltage between the 
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Fig. 4. Surge volt- 
ages due to light- 
ning recorded on 
urban and ‘“‘long” 
distribution circuits. 
Figures in parenthe- 
ses are numbers of 
records obtained 
from primary phase 
to separate ground 
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sheath and ground near the pothead may be due to 
the fact that the sheath is not grounded throughly 
until it is bonded to the rest of the cable system 
some distance from the pothead. When the sheath 
potential rises, the potential of the iron pipe lateral, 
which has resistance to earth, rises also with the 
probable result that there is insufficient potential 
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built up between the sheath and this lateral to cause 
arcing. 

Open Ends. The highest voltage recorded at the 
open ends of the primary mains was 205 kv to ground. 
In line with what would be expected on circuits of 
short length, the voltages at other recorders a few 
spans away (Fig. 7) were of the same general order. 
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The statistical studies! had shown that transformers 
installed within 100 ft of the open end of primary 
lines had a rate of failure due to lightning about 20 
per cent below the rate for other transformers. 
Current Measurements. Voltages of 2.6 to 8.9 
kv were recorded across the special thyrite disks in 
31 of the 32 records, indicating discharge currents 
of about 300 amperes or less. In the remaining 
case the voltage was 15 kv corresponding to a dis- 
charge current of about 1,500 amperes. With 
such a current the lightning voltage would have to 
be several hundred kilovolts, which would have 
caused severe damage to the line. Since no damage 


se Fig. 6. Lightning volt- 
aun ied to 

RECORDERS — 1585 FT | agee econ comcn 
300 sy long’’ circuits. Each 
7 Ni ARRESTER curve represents volt- 


LOCATION 


ages obtained during 1 
x storm. Voltages shown 
as zero may have been 
as high as 20 or 25 kv 


KILOVOLTS — PRIMARY PHASE WIRE TO GROUND 
1 1 


- * = ~ =+ 
Veda 
\ \/ / 

-400 tN 2 


0 400 800 1200 1600 


was found, possibly this case is one where an error 
approaching 20 per cent applies. 

Transformers With Normal Arrester Protection. 
At one location, voltages were indicated on all 8 
recorders at a transformer (Fig. 7). A voltage of 
128 kv was recorded between the primary main and 
separate ground at the transformer, which is ap- 
proximately the sum of the voltages recorded be- 
tween primary phase and transformer case and be- 
tween transformer case and separate ground. A 
voltage of 172 kv was recorded between the primary 
phase main and lighting secondary neutral main. 
This was the highest voltage recorded at transformer 
locations. (In some cases the voltage from primary 
phase wire to ground was more than from phase 
wire to secondary neutral.) The transformer fuse 
was not blown, largely eliminating the probability 
of a flashover at the bushings or an internal puncture 
that was later sealed up with oil.> The transformer 
on the pole was examined inside and outside and 
no arcing scars were found. Neither were there 
indications of flashover on the pole or recorders. 
Voltages recorded at transformers with normal 


arrester protection generally have been less than 
100 kv. 
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Voltages of 30 and 37 kv have been indicated by 
tecorders connected between the secondary phase 
main and the secondary neutral main at transformers. 
These are higher than would be expected, since the 
results of laboratory tests’ have shown that only 
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Fig. 7. Lightning voltages recorded at 1 location 

during 1 thunderstorm. In general, the voltages 

shown were among the highest obtained at such 
locations 


a few kilovolts can be built up across the secondary 
coils. In line with previous Chicago experience io 
trouble occurred at customers’ premises as a result 
of these voltages at the transformers. 

Since recorders connected between the transformer 
case and separate ground were equipped with a 
potentiometer, the lowest voltage which could be 
recorded was about 18 kv. Only two records (18 
and 25 kv) were obtained in these recorders, which 

“gives some confirmation of staged tests* that the 
potential of the transformer case does not rise 
appreciably with the normal installation of arresters. 

In all instances the poteutials between the primary 
phase and transformer case were greater by about 
2 to 1 than those recorded at the same iocations 
between the primary neutral and case. These 
results are attributed largely to the difference in 
the arrester protection for the phase and neutral 
wires. In 7 of the 9 cases the difference did not 
exceed the difference in the breakdown values of 
the arresters. 

Voltages as high as 82 and 100 kv were recorded 
between the primary phase and case, and at the 
same locations voltages of 62 and 172 kv were re- 
corded between the primary phase and secondary 
neutral main. The maximum voltages recorded 
between primary phase and separate ground at 
all transformer locations were 158, 148, 128, 127, 
95, 84, 83 kv, and 2 of 78 kv. No definite informa- 
tion on the time characteristics of these voltages 
is obtainable from the data. Because of the close 
spacing of arresters and transformers which is 
characteristic of most urban circuits and particularly 
of the major part of the Chicago system, it seems 
likely that the duration of these high voltages does 
not exceed a few microseconds. 

Transformers With Interconnections. The _ out- 
standing data obtained at locations with inter- 
connection (Fig. 3) were 13 kv across the trans- 
former and 158 kv between the primary phase wire 
and separate ground. The interconnection defi- 
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nitely limited the voltage from the ends of the 
primary coils to the secondary neutral to the ar- 
rester voltage. The separate ground for the re- 
corder connected between primary phase and ground 
had a resistance of 6 ohms. There was no evidence 
of a direct stroke on the pole. 

Two other interesting records were obtained, 1 
in which 15 kv was measured across the transformer 
and 78 kv was recorded between primary phase and 
ground, and 1 in which 13 kv was recorded across 
the transformer and 78 kv was recorded between 
primary phase and ground. In the first case the 
transformer fuse was blown. The transformer was 
examined on the pole and only 1 flashover was 
indicated by scars on the secondary neutral lead 
and case inside the transformer. The lead insula- 
tion may have been damaged by a previous surge. 
There was no scar to indicate from which lead the 
impulse had flashed to the case. The transformer 
was 22 years old. 


Table IIl—Comparison of Lightning Voltages at Intercon- 
nected and at Normal Locations 


Data Based on 5 Cases for Each Type of Arrester Installation 


Voltages—Kv 
Type of Arrester Protection Normai Interconnection Ratio 
A B B/A 
Primary phase to separate ground........ GO carat iersrefonete VD Like ate lobe ate 1.2 
Primary phase to secondary neutral....... D1 ouaterevosieiete Soar ola ‘ence 


Where voltages were recorded simultaneously 
between primary phase and ground and between 
primary phase and secondary neutral at intercon- 
nected and at normal locations (Table III), the 
benefit of the interconnection definitely is indicated. 
The voltage stress on the transformer insulation, 
that is, between primary winding and secondary 
neutral, was about 75 per cent less than for installa- 
tions with normal arrester protection. The 2 
years’ operating experience of the Commonwealth 
Edison Company with the interconnection has in- 
dicated that troubles at transformers due to light- 
ning, that is, transformers burned out and fuses 
blown, are reduced by about 65 per cent and the 
interconnection causes no adverse incidents in the 
customers’ premises. 
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Radial Wersus Primary 
Network Distribution 


In this paper is set forth the comparative 
investment in distribution plant necessary 
over a 10-year period to provide for load 
increase in a typical section of Chicago, 
either by means of the existing radial 
feeder system or a primary network system. 
The results show that, in terms of both total 
new investment and accumulated annual 
costs, the use of the radial feeder system 
is the more economical in this case. 


By 
H. E. WULFING Commonwealth Edison 
MEMBER A.1.E.E. Co., Chicago, Ill. 


| purpose of this study is 
to analyze the total investment required to serve 
a given area and to obtain comparative costs of 
providing for load increase in this area by means of 2 
systems of distribution, (1) a 4-kv radial system, the 
standard type of distribution now used in Chicago, 
and (2) a 4-kv network system using unit type 
automatic substations as offered by the manu- 
facturers. As shown in this paper, it is indicated 
that the extension of the radial system is more 
economical than the primary network system under 
the particular conditions existing in this Chicago 
area. Although the primary network may provide 
slightly better service continuity, the additional 
investment involved does not seem warranted. 


BASIS OF THE STUDY 


The area selected for study consists of about 6 
sq miles in which the load is predominantly resi- 
dential. The total investment values are based 
upon the plant in this area in 1929. At that time 
the distribution was by radial feeders from 4-kv 
substations located outside the area. It was ap- 
parent that substantial reinforcement of the dis- 
tribution system within the area would be necessary 
in 1930. Two methods were possible: a new radial 
feeder substation; or a primary network installation. 
The comparison in this study is based upon the cost 
of installing these 2 systems to provide for load 
growth in the territory over a 10-year period from 
1930. Only the incremental costs of those items 
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which differ for the 2 systems are considered; that 
is, costs which are common to both systems are not 
included in the figures submitted. 


DESCRIPTION OF SYSTEMS OF DISTRIBUTION 


The radial system of supply consists of a new 
remote-controlled 4-kv substation supplied from the 
12,000-volt 3-phase transmission system. The trans- 
former units are 5,000 kva, supplying 4,000-volt, 
1,000 kva and 2,500 kva radial feeders. Each 
feeder phase has one switch and a 10 per cent 
induction regulator. The feeders consist of No. 0 
or 375,000-cir-mil cable to the load centers, from 
which extend underground and overhead primary 
mains. Overhead equipment is carried on jointly 
owned poles and there is generally one transformer 
per block, with the secondary mains not extending 
beyond the block in which the transformer is placed. 

For the primary network, it was assumed that 4- 
circuit units would be used, supplied from the 
12,000-volt transmission system. These units are 
of 1,500-kw transformer capacity, capable of carry- 
ing 2,000 kw with auxiliary air blast. They are to 
be installed on property purchased by the company. 
Bus regulation is to be provided. Tie mains be- 
tween units are assumed to be overhead where 
possible, elsewhere 4-conductor No. 0 underground 
cable. 


DESCRIPTION OF AREA 


The area selected is of relatively recent develop- 
ment, consisting of 6.25 sq miles in the northwest 
part of the City of Chicago. It is mostly residential, 
with bungalows and houses, and some apartment 
buildings. There are the usual number of commercial 
customers, with a small amount of manufacturing 
in the southern portion of the area, but no customers 
large enough to require primary supply. Details 
are shown in Table I. 


ASSUMPTIONS 


In order to arrive at the probable load for the 
10-year period considered, the load for the period 


Table I—General Data, 1929 


U8 ko ao a OSs, Ci ONTO. ene ETD Gross, 6.65 sq miles; net, 6.25 sq miles 
Population density.............. 10,000 per sq mile 

Type of residence...............medium bungalows and some apartments 
Total underground circuit miles, 


primary 
Tniareae cans. dry cee wares 14 miles 
LOVATCA etre, co eke ae hen ee 13 miles 
Total overhead circuit miles, pri- 
mary 
At areatcn Ancrerans tien eas Cheetos 86.4 miles 


Number of distribution circuits. .7-8 
Average distance to load center. .2.43 miles 


Total kvailodd. caso. eee 6,250 kva, circuit maximum noncoincident 
Customers supplied at primary 

Voltage aes ose rere rank eee none 

Number of cttistomers:...... 0.4 18,200 

Proportion of polyphase cus- 

tomers vara. some iene ee 2% 

Kwhr-soldSveatin ae een 18,000,000 

Proportion of kwhr sold to poly- 

phase customersns ee eee ere 25% 

Demand at transformer second- 

Chol MORAG Ee Soha hi cwovocod 8,500 kva 

Proportion of polyphase demand. .20% 

Load density, circuit demands. ...1,000 kva per square mile 
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between 1929 and 1932 was taken as base, and pro- 
jected to 1939. (See Fig. 1.) The limit of voltage 
regulation allowed at radial feeder ends was taken 
as approximately one per cent. The average normal 
secondary pressure during load periods at the distri- 
bution transformer was taken to be 116 volts. 
The primary drop was assumed to be limited to 2 
per cent. The area selected for study is shown in 
Fig. 2. 


METHOD OF MAKING CALCULATIONS 


Capital Investment. The original investment in 
plant in the area was obtained by a check of the 
property records as of the year 1929, and the appli- 
cation of unit costs. Investments in 4-kv substations 
and in the 12-kv transmission system, including 
switching at the generating stations, are allocated 
to the area in question by load proportions, since 

these items are not devoted to supplying this area 
exclusively. The results of this analysis are shown 
in Table II. 

Incremental Investment. For both the radial and 

the network schemes of supply, an estimate was 


Table II—Summary of Plant Investment, 1929 


Investment 
Item Dollars Per Cent 

SUP AT Sit SSLOM PES et eee eas fe cet vated ce te dk $12 693500. 4.70 
DUDSLAtONMER TERETE RR mec felts oie Fa, cues T12'0002 st 7.55 
Underground primary conductors................. 182,700...... 8.95 
Overhead primary conductors.................-.. 88,900...... 6.00 
Distribution transformers.............:-.+-+. 85;440) ano. 5.75 
Secondary conductors (overhead)................. Tee OO m ans 4.87 
MeHVACCSHOVELNEAG) oitiacierena ie) 34 deca s Sek eee anete 112'5005. 7.58 
Monucatsrand manholes... .0. ace hea ees ees 052,400.0...0.. 37.20 
aes kantel utr <CUTOS oe meter teie ols os vlc rete e sfautce, eter alas 256,830. ..... 17.30 

TRO es oy Aussie a 5 Scots RE ISO rt ne $1,482,520...... 100.00 


$ 
wa 
z Fig. 1. Assumed 
2) noncoincident 4- 
S kv circuit load in 
, area. Loads for 
1933 to? 1939 
were _ projected 
from the known 
0 1929 to 1932 
1929 ‘30 ‘31 ‘32 ‘33 ‘34 ‘35 “36 ‘37 ‘381939 loads 


YEAR 


made of the investment necessary for added equip- 
ment to take care of the annual increase in load. 
The estimate covers distribution and transmission 
conduit and cable, substations, and such overhead 
ties as are necessary in connection with the er- 
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work system. In figuring increment investment, 
it was not thought necessary to consider other items, 
such as distribution transformers, services, and 
branch mains, which are common to both systems. 
In the case of conduit, the cost of all of the conduit 
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Fig. 2. Area selected for study as it was supplied 


from 4-ky radial system in 1929 
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Fig. 3. First year (1930) of development of 4-kv 
radial plan of supply to area showing new substation 
and 4-kyv feeders 


is charged as installed, rather than on a conduit- 
foot basis. Incremental investment for the 2 sys- 
tems is shown in Tables ITI and VI. 

Credits. Credits are based upon the actual original 
cost of equipment released. Credit is not taken for 
conduit vacated, substation space vacated, or sub- 
station transformers unloaded. 

Retirement Reserve Charges. No charge has been 
included for equipment that is taken out of service 
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Table III—New Investment, 4-Kv Radial System 


Distribution Substation Transmission 
Year Cable Conduit Land Building Equipment Cable Conduit H. V. Switching Total 
1930 $ 46,620 WHLOO, O00 se ect $9;000...-%.. $36, 0002s sear: $112 100 Macnee $725 000i neces $65, OOO sneratanversrsletermneleticustos $495,720 
ata: PenOSeL ee F700 UME Bes Sots odin We old Don NeE nee Pere ete Oe 
OSes eacen sins A280 wan ae ahs OSOOOE e aeletauere fiero love orci oisvelerelinionetlerer st onetsiels ‘ 
(7a eg (ane EA ret aie bra el Mets he onc cuS ano pncmanadbaouedesoodoN© 7,000 
OG Bante seers 2 O00 secures OOO cans cieiersioveretalorec (siete e wievel otel ete) ale <pebeheyeia tel stella eleteratolatarel s!theleroipoiseienereleney 
AAV 1 | ae SEs OR ee Se en PEE ee Pon er ree Sigh AOA OIG OUND GOO OC OSD On COROT SOA o OobdGnnttven sc 7,000 
IVES aonotciad 2000 © ists-an'a DOO dee overere cious ovate che sor aelelstaleteiniersuntetcl*valeVol efoto stefsie(stels o(sroiarelsolevelerelsttekaceietels Ss ped 
BOSE a eieista oi Z OOO nae IB OOO srrcrerciersleveevansvenciel = olelel sterol eleivtelels\sVeRveezel « DU OOO eecesraparenelesel oe aren elevelcvsulereiavelelavel ogee tevaletsierelotel-hetele lel -ioleitatale 7 
s shgus Nak: Stualai: e ovensre scoretaecioa cers atone lerateterereraper ee 7,000 
OSGeo waren oko 2 O00Rnenietels BiQOO evra stersvecs ea ous. suet oleiose lellausisyeus-oxahe nfacsletWeleterstsleveraysrornie nieenere tale Papen 
19365 etic ects WPAN 5 5.8 cco GHrOOO erevare eerie eieelovaltelslielcretalersnetie| oclietelietn! eel eferste TO; BOO rare. cisicisvorsrcvsite stelevere olsol sel hol seiake! ofa} oteksinl efelelcis\chesleielorenals i pet: 
1937 4 EB PAUNE Gora BS OOO ire eres enetoie a ates eylovoseires eV siayerloyevobelbicel cy otetarel elo efet eleat ope et ater oialiviw Bel stereKol a! stelietslelaKeleienoke (olen Valchesey of ans esteaeneenel sia Taic ete , 
ABABA ts a dh 19'800.6 cas 12 000s. ee cae Se ees 14200 gee: 5EO008 ee 35-000 b: ant $6,000....... 133,000 
OSU Atartc mn es L0;350 5 ec oe BION ne pedouonl dene OuUb DOOD ODOTOUULHUO SOMO moO ADCO DSA UC STONOURE OOO do ODOR mMOOOUR EDD ODO TO GOI % 40,350 
OCGA s acaisie tare $108,350... 605 $292,000....... 5:94 0) 0) 0 $36:000 nee eit $165,500...) rel $127,000. 5.10 «> $98,000....... £6,000 siete $841,850 
Table I!V—Investment Credit and Retirement, 4-Kv Radial System 
Substation Distribution 
Cost of Retirement Cost of Retirement 
Year Est. Orig. Cost Removal Salvage Reserve Est. Orig. Cost Removal Salvage Reserve 
OSOR secre eee rieynre as DO DOO MByvararetors oe cttekers cusere eke sehen $29; ZOO was crctoteSenre cen seCorecoroehswerenstes £50680 etereieer B27 Ocern a oereksve $34 550 sma eieee $18,790 
BLS Dee re te a a ne OO gta Ts utc Syace arora arom ale 'oWioneveie Sieve eters! eehelauanes ous auclerstatiey oie -onetetats aie Picante we Rots ar chin atte olars el eas hatte totale fare attatte ite ete een 
Oe ee es ee OY a Se oe Sx Sede PUG raliaiiah ack: p, Us TaN aieTnna. we heta get ceiee &.o. ohare Letotlesny Sie tate ral"apmrahn summon jeter Maye amicus Ganeta Ne Leia eier/ohe renete nate else tals iets CRA CT Rte iste te ean eam 
TWEE Bhs en dn ctl Bene Ce ye SIE a PIP oe en na Pee POE Et an ICI NS MPIC, in Ge aGmGh o14 GIGS. Che GO BULL ABAReD OU OO GUOKUO SEER Soot onus 96 
ING A ee aarti Raters Seis cass eee eile caaTIRDS Fo !'Sew 14 Dia Wubi) areas Shale Wm TaROUaLbNecere G0 mre e ete Gligtore atakeyelte Mtivlarce Mcauslelielel wateranscete siete, cyioire Cass saint ak a sa attat seen GCA s Ret eerste ae 
7 SEY tas ep oy ROGRH Oe BASSO tn ene On tine enn is A rE Ama aS aro MOOR ord aetn colaTe od Odo oO oD GombomasoDaoOGesC 
Gee Nae ce awn etek le tacand Gievahalehe: alte oserarte niewiavarsiacacevtrs aicezexerevere.a latin wiatailans asaileayaieyaletatana ava eaters ein arncens ate anode shelelete Gnekeatert ist atates eltene ONaRt tse ene iene tana 
OS Teetevepaterd evelevsteio ® ep a eho te ctekeietacecalstste.s svaraicle 7040 7 SOO srecstanciete tis tate reset aces eleterees VOFAZ ON ereresel eres DBO ered stexerers Lb: O50 tarccarsntters 1,600 
LOS Rie tore ereie acts ceretenO ria ie ale rai ss cr avctalareraiavete bie evn onsts leis evwie wialonavevelial or ete eleheperd gla: ate lake Conclave, euaetene ca 8 valersiecy acanwen syatetar oka i initera felatetimts tyre ienela eye) etal cachet eta tenes 
SO eee teen eteT Pie ie eters ani ais aiols. alee siolals ke tieieust alecas ets ane sahePonsMeyauste ayehiphasel trolereamepite WOOO zaicutoresete S420 sei cpaerete S100 35 foci ere 5,340 
BB OeHO Os oie nee oucvereyer oc suarelsve ler svenens SSG 7D0OR trem eterelorechetinsroraiets te etomena teks $74,050 sewers tae GOT SO laetaenc ster CEP TAN DE conic eixo 0 $25,730 
Table V—Summary of Annual Costs on Net Additional Investment, 4-Kv Radial System 
Fixed Total Present 
New Investment Net Addn’l Charges Mainte- Energy Retirement Annual Value 
Year Investment Credit Investment 11.2% nance Loss Reserve Cost at 7% 
LOS Or eveierersis sche bt OS OAS Ae Bod $79,830....... $415,890....... $46,300....... $3; O00 sreeiene $3860 merce CUES ANNS vooc0 6 Pils OOO nee $71,900 
MO Silitateiesste.aisieuets UGLOSO creer tarsrercveolecerceieterreersie vere ASI B10 sare tekers AS 400i .0 wares LOO Rr eereretens 3 DOO ata cuctenenettocacons oteretete eters 55,490....... 51,900 
OS Zeta cieteleveroks's VEU DEAS GpRIAGO CRS OOAO bio Hor 439,870....... AY 200. ncsere OOO wen cieter 4 OSO Se regetine oie iauelereneke nieiete 565450. cs. ece 49,200 
OSS cave (eyelece sexes OOO srtetetevsl.<\ ofeisvsteice tag et eke 446,870....... BO' O00 Resets OOO se esate A NDG alos i ocreveeies cleleteeremne BT; 455 5 witoves 46,900 
OSA or rcuctereyersis 0 2S OOS. asvereseneoletefateraieue Oershein 474,870....... 35200 mer cvorerece 400) eneteeetere BAT UD ciate erercderelers cllenelafeteretors GIGS1Ss creterers 46,200 
OS Siteretereiell oycievs TA OOO MR Morate rote oble cates Soles 4818105 i asre se Do; 900. tere acess z000p erererers 49305 cela cretlevese earns e eielemrer 62,830 near 43,900 
MOSG credit sleleces SS SOOM rcciarsaieerentac ase ssimers STOR One ae CEO Ung oo.ce 4 MOOS ts nace s 5; O90) rice sierete-creliave ls taronele take (OREUR A Boor 3 48,700 
LOS Tromcta ereve: satterel’s LS 2500 tiewrsrerete 23720 Sees 564,950....... G3 S00 Teme reche A LOOn sr pas SLOGO0 hm cetents L600 se aererers CA, O50 F ctencetas 46,200 
LOSS iar eee tens USS;000% waiaea se celcrenercee eel sone 6972950 seertercts FOO es crests 5 OOO Raa aes ons 0; 040) 3.2, decd Messe vtec eae 88,640....... 51,500 
MOS OS caren cenveleces AOS OO Moe e600 Mate caves (Os OO ciearrers SIPSOO Maes eres 5200 se ae ae G52 70% m nose. 5340 saver OWMOE BG GGcc 53,500 
Present value of 10 years’ annual! costs.........-+0.cvccceeeoedee $509,900 


and can be used in place to supply other load. For 
equipment actually removed, a charge is made based 
upon estimated original cost, plus the cost of re- 
moval, less a credit allowance. Credit and retire- 
ment items are shown in Tables IV and VII. 

Annual Costs. In figuring the annual costs, the 
fixed charges were based upon a weighted average 
percentage on all added investment. The rate was 
taken at 11.2 per cent, and includes interest, taxes, 
depreciation, and insurance. Yearly energy losses 
were estimated to include losses on feeders, regu- 
lators, and substation transformers supplying the 
area, at arate of 1/, cent per kilowatthour. Main- 
tenance was estimated on a unit cost basis for the 
net added investment. In connection with the cut- 
overs from the radial system to the network, the 
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cost of the cut-overs is included with the mainte- 
nance cost. The summation of the annual costs for 
the 2 systems, discounted at 7 per cent per year, is 
the basis for a comparison of the 2 schemes of supply 
for this area. Tables V and VIII show the summaries 
of annual costs. 


PROVISION OF CAPACITY 


Radial System. When the new substation was 
built, in the first year of the program, 6 1,000 kva 
feeders and one 2,500 kva feeder were installed. 
(See Fig. 3.) Due to the extensive rearrangement 
made necessary by the construction of the new 
substation, it was regarded as desirable to provide 
enough feeder capacity to care for the load growth 
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Table VI—New Investment, 4-Kv Network System 
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Fig. 4. The 4-kv radial plan of supply to area as 
developed at end of tenth year (1939) 


| it re Cee a fetes F.1 TO IRVING PK. 
L SUBSTATION 


Eee toes 


1 F.2 TO IRVING PK 
SUBSTATION 


TAP TO 
RADIAL 
FEEDER 


—KEY— eS 
B, NETWORK UNIT ON FEEDER NO.! 
NO.0 UNDERGROUND MAIN 4KV | 
@ CABLE TERMINAL ON POLE 
12-KV FEEDER 500,000-CIR-MIL CABLE 
—-— 12-KV FEEDER 250,000-CIR-MIL CABLE 


| 


f 


Fig. 5. First year (1930) of development of primary 

network plan of supply to area showing new network 

units and feeders superimposed on radial system 
shown in Fig. 2 


in the area for a somewhat longer period than would 
be customary otherwise. However, unexpected 
local development required the installation of an- 
other 1,000 kva feeder in the second year. No 
further reinforcement was found to be necessary until 
the sixth and ninth years, in each of which a 2,500 
kva feeder is installed. Of the 7 feeders originally 
supplying the area, 4 were removed in the first 
year and one in the seventh year. In addition, about 
one-half the capacity of one feeder was released 
for use outside the area in the second year. The new 
substations and 4-kv feeders in service at the end of 
the tenth year are shown in Fig. 4. The net amount 
of feeder capacity in service in any year is shown 
in Table IX. 

The originai transformer installation in the new 
substation consisted of 2 5,0U0-kva, 3-phase units, 
the supply to which was from 2 12-kv transmission 
lines. In the fifth year of the program a third 
5,000 kva unit was added, and in the eighth year an 
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Fig. 6. The 4-kv mains for primary network plan 
of supply to area as developed at end of tenth year 
(1939) 
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Fig. 7. The 12-kv feeders for primary network plan 
of supply to area as developed at end of tenth year 


(1939) 


additional 12-kv transmission line to the station was 
necessary. 

Network System. The plan followed with this 
system was to provide capacity in the form of net- 
work units as required, utilizing the original radial 
feeder capacity in the area to as great an extent 
and as long as possible. 
units and 2 12-kv transmission lines were installed 
the first year of the program. (See Fig. 5.) Follow- 
ing this, 2 units were installed in the second year, 2 in 
the fifth year, and 1 each in the sixth, seventh, eighth 
and ninth years. A third transmission line was 
required in the eighth year. In carrying out this 
development 2 radial feeders were removed in the 
second year, 2 in the fifth year, and 1 in the eighth 
year. In addition, about one-half the capacity of 1 
feeder was released for use outside the area in the 
seventh year. The units and principal mains in 
service in the tenth year are shown in Fig. 6, and 
the 12-kv feeders are shown in Fig. 7. The combined 
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network and radial feeder capacity in service in any 
year is shown in Table IX. 


DISCUSSION OF RESULTS 


Although the total normal capacity in service 
on the 2 systems is different in various years, gener- 
ally speaking the firm capacity of the 2 is the same. 
This apparent discrepancy is due partly to the 
inherently different availability of reserve on the 2 
systems. 

Comparison of the various investment items in 
the 2 plans shows that the investment in distribution 
cable for the network is much less than for the radial 
system. The difference in the 2 is about balanced, 
however, by the additional cost for transmission 
cable on the network system, which represents 
the primary laterals for the purpose of supplying the 
scattered network units. These primary laterals 
perhaps could be regarded as distribution cable with 
some justification, but here are classed as trans- 
mission. The fact that the distribution conduit in 
the 2 schemes is about the same while the distribu- 
tion cable is much less in the case of the network is 
due to the fact that on the network plan no attempt 
was made to distinguish between conduit occupied 


Electrical Equipment 


for Induction Furnaces 


Although frequencies now are standardized 
in the melting field and soon will be in the 
heating field, most types of furnaces require 
special equipment. The electrical equip- 
ment discussed in this paper includes the 
frequency converters, the switching, and the 
capacitors. Typical installations are shown 
and the advantages and possibilities of 
water-cooled equipment are mentioned. 


1 APPLICATION of the induc- 
tive method for heating or melting requires electrical 
equipment of somewhat special character. Normai 
frequency supply cannot be used economically eX- 
cept in a few instances. Furthermore, the induction 
furnace is essentially a single phase load. For these 
reasons a motor-generator set is necessary 1 most 
cases, although some ‘‘core” type furnaces and fur- 
Full text of a paper recommended for publication by the A.I.E.E. committee 
on electrochemistry and electrometallurgy, and scheduled for discussion at the 
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within the area by network mains and that occupied 
by primary laterals, all such conduit being classified 
under distribution. 


CONCLUSIONS 


The analysis shows that, for the conditions 
upon which this study was based, the net new 
investment and accumulated fixed charges for the 
extension of the radial system are less than they 
would be for the provision of the necessary rein- 
forcement by means of a primary network. 

Although there is some reason to believe that the 
primary network provides slightly better service 
continuity when fully developed than does the radial 
system, the improvement does not seem to warrant 
the additional investment involved. The other 
factors, such as the uncertain period of development 
and experimentation in service before its full ad- 
vantages may be realized, and the multiplication of 
public relations problems due to occupying many 
substation sites, detract from the desirability of the 
network system. It is, of course, recognized that 
for certain luad densities and rates of growth, or in 
comparison with some other existing systems, the 
primary network might have an economic advantage. 


By 
Cc. C. LEVY 


Westinghouse Elec. & Mfg, 
ASSOCIATE A.I.E.E. 


Company, E. Pittsburgh, Pa. 


nace of the spark gap oscillator type can be connected 
to the normal frequency supply lines. In spite of 
the drawback of special and consequently more ex- 
pensive electrical equipment, the use of induction 
furnaces has spread rapidly. This type of furnace 
has many advantages, particularly in the field of 
special alloy steels. Its basic principles, its de- 
sign and practical applications have been discussed 
fully in previous papers and current literature. 
(See bibliography at end of paper.) 


CLASSIFICATION OF FURNACES 


There are 2 commercial types of induction fur- 
naces: (1) the “‘core’’ type and (2) the ‘‘coreless’’ 
type. The first type uses a core of transformer iron 
for the magnetic circuit, whereas the second type 
(Fig. 1) has no closed magnetic circuit of iron. 
The core type either uses normal frequency or sub- 
normal low frequency and a strong magnetic field 
while the coreless type uses a weak magnetic field 
but high frequency. The coreless type may be sup- 
plied by rotating generating equipment or by static 
high frequency spark gap or vacuum tube oscillator 
equipment. The core type also needs rotating 
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generating equipment for low frequency although 
normal frequency furnaces have been designed. The 
chief objection to the use of normal frequency is the 
violent stirring of the charge due to the action of 
electromagnetic forces. Because of the expense in- 
volved in large capacity low frequency generators, 
and the necessity for preventing freezing of the 
‘charge in the furnace the core type of furnace now is 
confined chiefly to the non-ferrous field and most of 
the ferrous melting installations are of the coreless 
type. 

YT he coreless induction furnace is subdivided fur- 
ther by the range of high frequency employed and 
the apparatus used for generating it. When ca- 
pacity exceeds 50 kw for melting applications 960 
cycles is the standard frequency, although 480 cycles 
was used in earlier installations. For the smaller 
melting and heating capacities the spark gap oscilla- 
tor or the vacuum tube oscillator is best fitted to 
furnish frequencies of the order of 20 kilocycles and 
higher which then can be used economically. Theo- 
retically frequencies of this order could be used to 
advantage in the large capacity units also but the 
expense of the special rotating equipment needed 
would not be justified. 

In heating applications the range of desirable fre- 
quency will be greater because of variation in the 
dimensions of the charge, and the conditions under 
which the heat energy must be applied. The power 
absorbed by the charge is proportional to the fre- 
quency used and the square of the ampere turns of 
the inductor coil, while the minimum frequency for 
effective transfer of energy to the charge is a func- 
tion of the diameter of the charge and its resistivity. 


Fig. 1. Two 600-Ib coreless furnaces powered by a 
300-kw 960-cycle generator 


For these reasons the frequency used in many cases 
will be a compromise between the economic and the 
theoretical best frequency. Obviously the use of 
many different frequencies would not be practical 
because of the additional expense required for each 
generator. For such heating applications where 
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normal frequencies cannot be used it is likely that 
360 or 480 cycles in the lower ranges and 4,800 or 
5,000 cycles in the higher ranges will become stand- 
ard. 

Because no new principle is involved but only a 
difference in temperature range and operating 
methods, the equipment described includes heating 
as well as melting applications. 

The electrical equipment includes: 


Motor-generator frequency converters. 

Control panels for both motor and generator. 
Capacitors for correction of furnace power factor. 
Control and switching of capacitor units. 
Miscellaneous equipment, such as inductor tap switches. 


Cr COUN 


FREQUENCY CONVERTERS 


The single phase generators of these converters 
usually are driven by standard induction motors or 
synchronous motors. If the drive is synchronous 2 


Fig. 2. Rotor of 300-kw 


Fig. 3. Stator of 300-kw. 
960-cycle single-phase 
salient pole generator 


960-cycle single-phase 
salient pole generator 


exciters are required, one for the generator and the 
other for the motor. 

From the designers’ standpoint the generator is a 
special one because the large number of poles even 
at the highest speed allowable results in special con- 
struction, and affects the electrical characteristics 
of the design. The rotor of a 300-kw generator 
illustrated in Fig. 2, in appearance resembles the 
rotor of a wound rotor motor. The poles, however, 
are well defined salient poles. Special construction 
is needed because of the very small pole pitch. 
The cap screws are passed through each end of the 
coil as it projects from the rotor; at each end of the 
rotor these screws are threaded into a plate which is 
fastened securely to the rotor spider. 

Since the number of slots per pole is so low, the 
stator reactance is comparatively large, which re- 
sults in increased field current. It is for this reason 
that designing these machines (Fig. 3) for any power 
factor other than unity becomes uneconomical. 
Another special feature inherent to this type of de- 
sign 1s a comparatively large ratio of core length 
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to pole pitch. This makes ventilation a more dif- 
ficult problem. For this reason the ventilating 
system differs from that used for normal frequency 
generators. The ordinary arrangement is to have 
air coming from each end between the field poles and 


Fig. 4. Two 60-kw 3,600-rpm 4,800-cycle single- 
phase inductor type water-cooled generators with 
induction motor drive 


discharging through stator vents. On these ma- 
chines, however, it is necessary to bring air through 
ducts in the rotor because the space between field 
poles is far too small for that purpose. 

Machines usually are built open, depending upon 
- the normal ventilation of the room in which the ma- 
chine is located. In some cases where the substa- 
tion is small or the air not clean special precautions 
must be taken to supply the machines with clean air 
under slight pressure or supply forced ventilation. 
In such cases a machine totally enclosed with built-in 
circulating system and provision for cooling the 
circulating air by water may prove more economical 
and satisfactory than systems of substation ven- 
tilation, particularly if the air has to be cleaned as 
well as cooled. 

When higher frequencies such as 4,800 or 5,000 
cycles are required, the inductor type of generator 
design, which involves no windings on the rotor, can 
be used. Due to the absence of pole windings space 
limitation which hampers the salient pole design is 
removed, and the requisite number of poles can be 
obtained for the high frequency needed, without 
exceeding allowable peripheral speeds. Two genera- 
tors of this type are shown in Fig. 4. The machines 
are enclosed, and water cooling provided to remove 
the heat losses from both stator and rotor. 

The fundamental construction of the generator 1s 
shown schematically in Fig. 5. The rotor is a solid 
cylindrical disk pressed on a supporting spider. 
The surface of the rotor is slotted so as to cause a 
nearly sinusoidal variation in the field flux, with the 
required frequency. The field is wound in a slot 
between the 2 inner frames, and is covered by the 
outer frame. The stator core is cooled directly by 
imbedded water pipes, while the heat from the rotor 
is extracted by the circulating air which in turn 
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is cooled by 2 circular water cooling coils at each 
end. 

Also, the enclosing end bells serve materially to 
reduce the noise usually associated with the open 
type high frequency generator. The efficiency of 
these high frequency generators is lower than 60- 
cycle units of corresponding capacity. This is due 
to higher iron and load losses. Comparative ef- 
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Fig. 5. Cross section of water cooled inductor type 
generator 
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Fig. 6. Main connections for 2 induction furnaces 
operating from a single generator and capacitor bank 


The triple series contactor shown simply represents the use of 
3 550-volt units assembled for 1,250-volt service 


ficiencies could be obtained only by a greater in- 
crease in the cost than is economically justifiable. 


CONTROL PANELS 


The control for these motor-generator sets is very 
simple. The metering equipment includes alternat- 
ing current ammeter, wattmeter, voitmeter, and 
power factor meter designed and calibrated for the 
frequency used. <A direct current field ammeter, 
automatic voltage regulator, field switch, generator 
oil circuit breaker, and overload relay complete 
the equipment generally used. When 4,800 cycles 
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is used the field switch is replaced by a field contactor 
to permit “‘killing’”’ the field of the generator when 
the overload relay operates, since an oil circuit 
breaker for this frequency would have to be specially 
designed. 


Fig. 7. A 900-volt 960-cycle 9.12-uf oil-filled 


capacitor unit 


Adjustment of the generator voltage sometimes is 
needed to control the power input. This may be 
done readily by a voltage adjusting rheostat on the 
regulator. However, for any particular heat cycle, 
adjustment of power input can be made by changing 
the inductor taps. Hand operated switches are 
used for this purpose, and by special interlocking 
the voltage on the generator can be reduced while 
the tap changing switch is being operated. A 
typical installation is shown in Fig. 6. 


CAPACITORS 


Because of the very low power factor (approxi- 
mately 10 per cent) of the induction furnace, power 
factor correction equipment is a necessary and most 
important part of the installation. Capacitors are 
more economical than synchronous condensers and 
invariably are used for this purpose. The equation 
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indicates that the kilovoltampere rating of a capaci- 
tor increases directly with the frequency. That is 
to say, a 5-kva, 60-cycle unit will deliver 80 kva on 
960 cycles at constant voltage. Over the range 
from 60 to 960 cycles the power factor and dielectric 
strength are substantially constant so that although 
the losses will increase in proportion to the increased 
rating, it is possible by special design and suitable 
cooling to remove them at a rate that will keep the 
temperature rise of the dielectric within a satisfac- 
tory limit of 25 deg C. 

Above this range of frequency several important 
considerations limit the application of this equation 
to determine the rating. 


1, The power factor increases, and therefore the losses no longer 
increase at a linear rate with the frequency. 
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2. The dielectric strength tends to decrease so that at 2,000 cycles 
it is about 70 per cent of its value at 60 cycles. 

3. No matter how effective the heat transfer from the case of the 
unit may be, nor how careful a design is made the temperature 
gradient in the dielectric becomes too great and temperature rise 
exceeds a safe working value. It is desirable, therefore, for fre- 
quencies in excess of 1,000 cycles to derate the capacitor to allow 
for these conditions. 


In actual practice, the standard oil-filled 9.12-uf, 
900-volt unit is rated at 45 kva on 960 cycles. This 
unit is mounted with several others in an oil filled 
tank, with water cooling coils for removing the heat 
from the oil. The complete battery of capacitors 
consists of a number of these water-cooled tanks 


Fig. 8. Typical in- 
duction furnace in- 
stallation: (left) the 
motor-generator set, 
motor control 
panels, and water- 
cooled capacitor as- 
sembly; (below) fur- 
nace and control 


mounted as close as possible to the furnace. Some 
of the important features of construction used in 
making this unit are: 


1. The use of aluminum foil 0.00033 in. thick. 


2. The foil is extended !/, in. beyond the ends of the paper instead 
of buried in the paper as in the ordinary type of construction, the 
1/2 in. extension of the foil serving as a cooling fan. 


3. The unit is built in 2 sections as shown in Fig. 7 separated in 
the middle to form a vertical oil passage, the 2 sections then are con- 
nected in series. This construction serves to distribute the heat 
conducting material through the dielectric. 


4. Special precautions are taken to carry the heavy currents by 
riveting and soldering the terminal leads to the foil extensions. 
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The rest of the construction follows standard 
practice for power type capacitors, the sections being 
wound and heat treated in special vacuum dehydrat- 
ing furnaces before impregnating in oil. Future 
possibilities are improvements in the construction 
and cooling methods and materials of impregnation, 
so that it is quite possible that further economies in 
application of these units may be effected. 

The power factor of the furnace varies considerably 
during a heat cycle and provision must be made for 
increasing the number of capacitor units as the heat 
progresses. Table I illustrates the variation in 
voltage applied to the furnace by change in the in- 
ductor tap switches. It shows also the variation in 
the number of capacitor units connected in parallel 
with the furnace inductor and the kilovoltamperes 
per unit at different parts of the heat cycle. 


Table I—Heat Cycle of a 1-Ton 300-Kw 960-Cycle 


Furnace 
Gen. Gen. Gen. Gen. Cap. No. Cap. Furn. 
Time Volts Amp Kw %P.F. Volts Cap. Unit Taps 
Kva 
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* Leading power factor. 
} Lagging power factor. 


The general arrangement of an induction furnace 
installation is shown in Fig. 8. The small brick 
building houses the motor-generator set, while the 
control panel is shown inserted in one side uf the 
front wall. There are 2 furnaces 1 on each side of 
the substation building. 


conductors 


Installation of water-cooled 


Fig. 9. 
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The miscellaneous equipment such as furnace tap 
switches and bus connections are of special interest 
only in installations where large currents are in- 
volved. In one large installation the currents be- 
tween the condenser bank and the furnace were 
more than 12,000 amperes. A normal type of con- 
struction was out of the question because of the in- 
ductive reactance of multiple conductors required 
for such currents. An extremely neat and clever 
solution of the difficulty was worked out by the use 
of water-cooled conductors (Fig. 9). The conduc- 


Fig. 10. Water-cooled switch unit 


tors consisted of water-cooled tubes and high current 
density so that only a few conductors were required. 

Figure 10 shows a water-cooled switch unit which 
could be used to great advantage in a layout such as 
that illustrated in Fig. 9 where the use of the ordi- 
nary type of knife switch made it necessary to spread 
the conductors. With a switch like the one illus- 
trated a far more compact installation is possible 
and inductive drop can be greatly reduced. Judg- 
ing from the past growth of this type of furnace, 
larger installations may be expected in the future, 
and designers will have to consider the problems of 
generating and transmitting large currents at high 
frequency. For transmitting, water-cooled con- 
ductors undoubtedly will answer the purpose; 
special methods of connection will have to be used 
in generation. 

Parallel operation of generator units is perfectly 
feasible, so that there is no reason from the electrical 
equipment standpoint, why larger installations than 
those already existing cannot satisfactorily be sup- 
plied with energy at high frequency. 
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Automatic Reclosing 


ot Oil Circuit Breakers 


Solutions for various problems encountered 
in connection with the automatic reclosing 
of oil circuit breakers are given in this paper. 
The results of studies made by several com- 
panies, and a brief description of devices 
for this type of service, also are given. 


By 
A. E. ANDERSON 


ASSOCIATE A.1.E.E. 


General Elec. Co. 
Philadelphia, Pa. 


Tix: APPLICATION of automatic 
reclosing to oil circuit breakers covers a period of 
about 12 years. Although there are a few scat- 
tered applications antedating this period, and such 
applications have been duly recognized, neverthe- 
less the broader and more general use of this type of 
switchgear may be said to have its inception around 
1921. 

It is estimated that the rated load handled by this 
type of equipment (in this country) is in excess of 
10,000,000 kva, this figure representing over 50 
per cent of the installed capacity of automatic 
switchgear. The advantages gained were at once 
apparent and the extent of the installed capacity is 
indicative of the industry’s reception of this de- 
velopment. A majority of the applications fall in 
the 2,300-4,600 volt class, with a maximum of 154 
kv. Practically all applications have been on stub 
or radial feeders, and as this type of feeder is typical, 
this paper is confined to stub feeder application. 


Full text of a paper recommended for publication by the A.I.E.E. committee 
on protective devices, and scheduled for discussion at the A.I.E.E. winter 
convention, New York, N. Y., Jan. 23-26, 1934. Manuscript submitted 
Oct. 23, 1933; released for publication Noy. 24,1933. Not published in pamphlet 
form. 
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A greater part of the earlier installations was made 
on feeders on which lighting load predominated. 
A commonly accepted reclosing cycle was 15-30-75 
sec, this cycle continuing in use up to the present 
time. The 15-sec interval was an arbitrary choice, 
and represented a marked improvement over previ- 
ous manual reclosing, sufficing as a minimum value 
for several years. The remaining intervals also were 
arbitrarily chosen, with some consideration toward 
lessening the duty on the oil circuit breaker in case 
of successive operations. 

Occasionally the question is raised concerning the 
possibility of automatically measuring the impedance 
of an a-c feeder, in order to determine whether or not 
the breaker should reclose. This method has been 
used for a number of years on d-c railway and in- 
dustrial circuits. Such equipment for a-c circuits, 
has been built and tested but the results were not suc- 
cessful from an economic point of view due to a num- 
ber of reasons. First, a large part of the load on the 
conventional a-c circuit consists of lamps, whose 
“cold” resistance may be only 10 per cent of the 
“hot” resistance. If a small load indicating or load 
measuring current is used, it is difficult to distinguish 
the difference between a short circuit and useful load. 
Another requirement is the detection of high re- 
sistance cable faults or defective insulators which 
may not break down until practically normal voltage 
is reached, subsequently developing into faults of 
low impedance. Although the measuring current 
and voltage may be increased, the few additional 
advantages do not warrant the increase in cost over 
the simple equipment which recloses the breaker, 
regardless of circuit conditions. 

Operating experience over several years has in- 
dicated the practicability of reclosing the a-c feeder 
breaker without the use of load indicating equip- 
ment. Soon after a-c reclosing equipment began to 
be applied more generally, it was found that from 
75 to 90 per cent of the breaker openings were caused 
by transient faults that disappeared after the first, 
second, or third opening. 


DELAYED VERSUS IMMEDIATE INITIAL RECLOSURE 


During 1931 the Alabama Power Company, 
Georgia Power Company, Tennessee Electric Power 
Company, and the West Penn Power Cothpany 
made a systematic study of the percentage of suc- 
cessful reclosures utilizing time delay. This study 
was made on overhead transmission feeders, from 
2.3 to 110 kv, with reclosing cycles in the range of 
15, 45 to 60, and 60 to 120 sec. During this period 
approximately 2,900 initiating operations were ob- 
served (initial breaker trip-out starting a reclosing 
cycle, which continues until successful reclosure or 
lockout) with the following percentage of successful 
reclosures and lockouts: 


Reclosure Breaker Remained Closed 
First sco Sites sccetei chee ora or Oe ee ee 86.9% 
Second de widncee rie casy.ct es ee Eee aE eee ee 3.4% 
T hits. ss.c 27. ote Sieg Oe ee ee 0.9% 
LockotttSscags sheen ee eee ee 8.8% 


The time delay, before reclosure, for general ap- 
plication was governed largely by breaker derating 
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factors and only in a few isolated cases, such as al- 
lowing time for synchronous or other machinery to 
become disconnected, were load requirements given 
the consideration that would lead to better service. 
During 1932 the first 3 of the companies mentioned 
conducted another general investigation, during 
which period there was recorded the results obtained 
from the operation of a large number of feeders, rang- 
ing from 2.3 to 66 kv, and equipped for immediate 
initial reclosure, that is, without any purposely added 
time delay. Over 1,600 initiating operations took 
place during this period with the following resuits: 


Reclosure Breaker Remained Closed 
BSUS Lemteterstars iste seer ore roe rare) ops toncen Toate = vata oe 13286 
CCONC EME eT TR ois tars ae tieled ids Soa aoa ve’ « 15.9% 
BEM TitClmpereeretysrer ee tteray svc. sean cess Seve: vais acd averetoeerenr en 2.8% 
UWE ROE os cod cases tose OOO ee 8.0% 


The reclosing cycles used during this period were: 


Q-— 15-120 sec 
O— 60-— 60 sec 
0-120 sec (no third reclosure) 


Although the percentage of successful first re- 
closures was less with immediate reclosure, actually 
it meant that 73.3 per cent of the faults did not 
develop interruptions to service from the consumer’s 
point of view, and that 18.7 per cent were considered 
interruptions, in addition to 8 per cent lockouts, as 
contrasted with 91.2 per cent interruptions in addi- 
tion to 8.8 per cent lockouts, where a time delay of 
15 sec or more was used for the initial reclosure. 

On the Georgia Power Company’s system, prac- 
tically all feeder and many tie line (44 kv and below) 
breakers have been equipped with the 0-15-120 
sec reclosing cycle. The record of 1,010 initiating 
operations, during 1933, is given in the following: 


Reclosure Breaker Remained Closed 
ENTS, ccs bio.d 0 5 OO ad Si EERO eee eon 88.7% 
SOONG, cwsise 08-9.6S Sc ace eRe RENCE OI cree eer 4.5% 
CBG o.g po a0:0 8 6 Re ee eee 13% 
‘LOGO so bond oo 4 SRC Oe DIO Ene eae 56.5% 


The above data mark an improvement over the 
1932 performance record and are attributed largely 
to more alert inspection and maintenance of lines and 
breakers, better tree trimming and improvement in 
automatic reclosing devices. The trend in improved 
operating service is evident readily upon consulting 
these tables. 

The values in the foregoing tables show that the 
percentage of successful third reclosures forms, in 
general, an appreciable quantity in comparison with 
the percentage of lockouts. In other words, if the 
third reclosure had been omitted it would have in- 
creased the lockouts by approximately 25 per cent. 
Furthermore, the third reclosure can be obtained in 
the conventional design of a-c reclosing relay with 
practically no additional expense or complication. 


Facrors TO BE CONSIDERED IN CONNECTION 
Witu IMMEDIATE INITIAL RECLOSURE 


The improvement in service resulting from the use 
of immediate initial reclosure cannot be obtained 
without first taking into consideration some condi- 
tions which were of secondary importance when time 
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delay initial reclosure was employed. These fac- 
tors are given in the following paragraphs: 

Cause of Outages. A greater portion of the faults 
on overhead a-c distribution systems are of a transi- 
tory nature. The usual types of faults are insulator 
flashovers, swinging faults, and short circuits. When 
flashovers occur, the fault may be cleared by remov- 
ing the voltage long enough to extinguish the arc 
and to be certain that the arc path has recovered its 
dielectric properties. In the case of a swinging fault 
there also is a reasonable chance that the fault can 
be removed by opening and quickly reclosing the 
circuit breaker. (Some swinging faults may persist 
longer than the initial reclosing period, and therefore 
will require the second reclosure.) Short circuits of 
a permanent nature are the most probable cause of 
lockouts. 

Primary distribution lines of 2,300 to 4,600 volts 
constitute a very substantial part of the total dis- 
tribution system. It has been found that wind, 
sleet, trees, lightning, public interference, and foreign 
lines account for a high percentage of outages to the 
consumer, due to the comparatively high exposure 
of the lines to these conditions. Consequently it can 
be seen that proper sectionalizing plus automatic re- 
closing can improve the service now obtainable under 
multicircuit grouping. 

Induction and Synchronous Motor Load. During 
the period that the fault exists on the feeder and the 
circuit breaker is in the open position, any motor con- 
nected to the feeder will, in all probability, be oper- 
ating at reduced or zero voltage. This will retard 
the speed and may be ruinous to certain products. 
Even though the product is not affected, there may 
be cases where the motor cannot return to normal 
speed when the feeder voltage is restored. In many 
cases the products are not affected and intervals of 
2 to 4 sec have been encountered without ill effect. 

Generally speaking, induction motors will return 
to normal speed from any reduced value, inasmuch 
as their load usually is connected directly from 
standstill to normal operating speed. However, 
the longer the deénergized period the greater the 
decrease in speed, resulting in higher inrush current, 
which, at its poor power factor, gives a greater 
amount of line drop, and subsequent delay in return- 
ing to normal operating voltage. 

Synchronous motors will not necessarily pull 
their load back to normal speed after a voltage in- 
terruption. Their ability to return to normal speed 
under this condition depends largely on pull-in 
torque and load characteristics. Those motors 
(50 to 60 per cent) that can resynchronize under load 
from any decrease in system voltage or from sub- 
normal speed, will, in all probability, require auto- 
matic field removal and resynchronizing equipment. 
Such equipment is readily available. Those motors 
(40 to 50 per cent) that cannot resynchronize due to 
torque or load characteristics will require, in addi- 
tion, suitable unloading features. Although in some 
cases synchronous motors have remained connected, 
after an interruption, without the use of the above 
equipment, such cases usually can be accounted for 
by certain load conditions or the presence of suf- 
ficient reactance in the system to absorb the out of 
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phase current. Synchronous motors (due to a small 
amount of stored energy) pull out of step rapidly, 
under conditions of reduced voltage, when carrying 
full load. Under this condition they can stand 
complete loss of voltage for only 2.5 to 5 cycles and 
still remain in synchronism. The restoration of 
normal operating voltage within this extremely short 
period is not available with present equipment. 
Furthermore, a period of 2.5 to 5 cycles, without 
voltage, may not be long enough to allow the dielec- 
tric in the path of the fault to recover its insulating 
properties to a degree that will permit successful re- 
establishment of normal operating voltage. 

Synchronous motors (and condensers) tend to 
maintain arcs caused by the fault. Obviously the 
duration of these arcs will affect the choice of a suit- 
able reclosing interval. Field tests and operating 
experience will be required before the effects of this 
characteristic on the general problem are fully 
known. 

Lighting Load. Lighting load imposes no serious 
problem in connection with immediate reclosing. A 
reduction in the period of outage from a number of 
seconds to a second or less, will be of mutual ad- 
vantage to the consumer and operating company. 

Undervoltage Devices on Motor Controllers. Prac- 
tically all motor controllers are equipped with some 
form of undervoltage protection; and, if service 
conditions are to be improved by quick reéstablish- 
ment of voltage, these devices must not disconnect 
the motor controller during the reclosing period. 
Instantaneous undervoltage devices, as a class, will 
not fulfill this requirement, since they will drop out 
within a few cycles after voltage has decreased below 
their drop-out value. Time delay undervoltage de- 
vices are required in order to take full advantage of 
the immediate initial reclosing cycle. The available 
timing interval of the undervoltage device for use 
with immediate reclosure should be long enough to 
overlap (1) the duration of the fault (which may 
decrease the voltage to something below the drop-out 
value of the device), (2) the time the breaker is open, 
and (3) the time it may require system voltage to 
return to at least the pick-up value of the device. 
In many cases normal voltage returns immediately 
with the closing of the circuit breaker, but there are 
cases where long lines coupled with heavy inrush 
current at a lagging power factor delay the return of 
the voltage to its normal value. A suitable drop-out 
value may reduce somewhat the required time delay 
but care must be taken to see that this value is not 
so low that other operating characteristics of the 
device are sacrificed. 

A general consideration of this problem, together 
with a limited amount of operating data, has indi- 
cated that a device providing a time delay of 1 to 
3 sec, after complete removal of voltage, will be 
suitable for a majority of these applications. 

Oil Circuit Breakers and Mechanisms. Although 
oil circuit breakers are used in a very large portion 
of a-c reclosing equipments, nevertheless air circuit 
breakers have been used in this manner, principally 
on low voltage circuits. The general features men- 
tioned in this paper in connection with oil circitit 
breakers apply equally as well to air circuit breakers. 
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Oil circuit breakers and mechanisms are available 
having minimum operating times (from energizing 
the trip coil to closing the breaker contacts) in the 
order of 30 to 80 cycles, on a 60-cycle basis, depend- 
ing on the type and rating of the oil circuit breaker 


Table I—Oil Circuit Breakers—Proposed Duty Cycles and 
Interrupting Ratings 


No. of Total Number of Per Cent of Standard Ratings 


Groups Operating Cycles 
Successive OCO 0 to 5,001 to 10,001 to 20,001 to 490,001 
Operations With 5,000 10,000 20,000 40,000 and 
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Fig.1. Reclosing 
relay modified to 
permit immediate 
initial reclosure, 
showing contacts 
in the latched 
position 


ELECTRICAL ENGINEERING 


Aw 
a 


Fig. 2 (left). Reclosing relay available with pro- 
vision for immediate initial reclosure showing front 
contact (for reclosing) and second contact (motor 
circuit) latched and ready for immediate operation 


Fig. 3 (right). Reclosing relay without provision for 
immediate initial reclosure 


and the form of mechanism. Generally speaking, 
the shorter times are obtained in connection with 
breakers of lower voltage ratings operating by 
solenoid mechanisms. 

In Table I there is given a group of duty cycles 
and interrupting ratings, for use with oil circuit 
breakers, as proposed by a Joint Committee of the 
Edison Electric Institute, Association of Edison 
Illuminating Companies and the National Electric 
Manufacturers Association. This table includes a 
variety of reclosing cycles; it is evident that the 
trend is toward sanctioning higher interrupting 
duties for reclosing service. A comparison between 
this and similar data in use for the past 5 or 10 
years will readily indicate this feature. It will be 
evident that suitable consideration has been given 
to the immediate initial reclosure, which has been 
incorporated in over 60 per cent of the duty cycles. 

Those operating companies who have applied the 
immediate initial reclosure followed by 1 or 2 time 
delay reclosures report that the maintenance on the 
oil circuit breaker was not greater than that required 
where time delay reclosures were used throughout. 

Due to the fact that trip free mechanisms utilize 
a latch that must reset before the closing force 1s 
applied to the breaker, it is necessary to make cer- 
tain that the latch has reset before the closing effort 
is applied. Most available mechanisms of this type 
require a latch checking function. A time delay de- 
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vice can be used for this purpose, but such a device 
must have a setting long enough to take care of the 
various limiting conditions, such as those due to 
seasonal variations, and variations in operating 
voltage, thereby preventing the minimum time from 
being obtained under the more advantageous condi- 
tions. A switch in the reclosing circuit and actuated 
by the latching mechanism allows the shortest de- 
lay and is independent of temperature or operating 
voltage. This switch is adjusted to make its con- 
tact as late in the latch resetting motion as is con- 
sistent with dependable operation, and usually is con- 
nected (as shown in Fig. 4) so that its time of opera- 
tion parallels that of the reclosing device. In this 
way the times are not additive, but are determined 
by the longer of the two, which usually is that of the 
latching mechanism. Trip free mechanisms in- 
corporating latches with suitable resetting speeds, 
do not require the latch checking function. 

Protective Relay Considerations. iu the application 
of immediate initial reclosure, consideration must be 
given to the protective relay system. First, circuit 
closing protective relays must open their tripping 
contacts, with some safety factor, during the de- 
energized period. Most overcurrent relays of recent 
manufacture readily will meet this requirement. 
Some of the older types which require a compara- 
tively long time to reset, can be modified readily to 
give the desired quick-resetting feature. 

The selectivity of the relay system must not be 
upset in the case of immediate reclosure on a persist- 
ing fault. In the circuits under consideration, se- 
lectivity is obtained mostly by time differentials. 
The time interval between cascaded relays must be 
long enough to permit 2 operations, in rapid succes- 
sion, of the breaker feeding directly into the fault, 
without the unnecessary tripping of other breakers. 
In many cases the protective relay has to be selective 
with respect to high tension transformer fuses. 
Applications of this type require careful coérdination 
between the relay and transformer fuse characteris- 
tics. 

As a conservative guide the spacing between suc- 
cessive relay times should be at least twice the time 
required for the breaker to clear after the trip coil 
is energized. The actual interval used may be re- 
duced, depending on the length of time the circuit is 
open and the speed with which the relays reset. 
A tabulation of existing practice would be a valuable 
guide to operators intending to install equipment 
incorporating immediate initial reclosure. 


RECLOSING DEVICES AVAILABLE 


There are several solutions of the various problems 
that enter into the design and application of a-c 
reclosing devices. Some of the available devices 
have common characteristics, while others differ 
quite radically. In the following paragraphs there is 
included a brief description of a group of devices that 
are available for this class of service. Each of 
these devices has certain limits of application, as 
indicated in the text, and the group as a whole should 
be considered as being typical or representative of 
their class of control devices. 
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The electrically operated devices available for 
producing the required reclosing impulses, while 
naturally differing in detail, consist of the following 
elements: release mechanism; timing mechanims; 
contacting mechanism; antipump means; and 
lock-out means. 

When conditions on the feeder circuit are normal 
and no operation of the device is required, the recloser 


A-C CONTROL BUS 
Fig. 4. Circuit for 


immediate _ initial 
reclosure (a-c con- 


trol). Devices 
shown in_ position 
following opening 


of oil circuit breaker 
but prior to imme- 
diate reclosure 


A-C CONTROL BUS 


When breaker trips 152 b-2 closes, energizing 179 auxiliary C‘anti- 

pump” or ‘set-up’ relay) releasing BA and ED and closing BC and 

EF; 179 auxiliary closes and seals itself in. BC in closing completes 

circuit to 159-X and its rectifier, through latch—checking switch. Then 

1592-X picks up, energizing 152 closing coil through its rectifier. EF 
in closing seals motor circuit to X 


is held in its so-called normal position (ready to oper- 
ate) either by a mechanical stop or by an open con- 
tact in its operating circuit. The closing of a “b” 
auxiliary switch on the circuit breaker, energizes the 
release mechanism, thereby placing the recloser in 
operation. 

The timing mechanism ordinarily consists of a 
motor driving a contacting mechanism through a 
suitable gear train. The contacting mechanism 
usually consists of 2 sequentially operated contacts— 
the first closing the circuit to the “‘set-up”’ or “‘anti- 
pump” relay which seals itself in through the “db” 
switch—the second contact completes the closing 
circuit of the breaker through the set-up relay con- 
tacts. Provision is made for a maximum of 3 re- 
closures with the time between operations indi- 
vidually adjustable. 

The closing of the oil circuit breaker, following the 
operation described for the timing mechanism, re- 
leases the set-up relay. In this way “pumping” 
of the breaker is prevented as the sequential opera- 
tion of the contacts must be repeated before another 
closing impulse can be given. 

The lock-out means stops the recloser after the 
third successive operation if the breaker fails to 
remain closed. The recloser may be arranged to be 
reset to normal by hand or it may be arranged to 
reset itself automatically by the subsequent re- 
closure of the breaker. 

In general, with the reclosing equipments, the 
control switch associated with the circuit breaker 
should have extra contacts for preventing operation 
of the recloser when the circuit is being controlled 
manually. 

(1) Modifications in Existing Reclosers Giving 
Immediate Initial and Subsequent Time Delay Re- 
closures. Most of the reclosers furnished until re- 
cently could be adjusted for a minimum delay of 1 
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to 3 sec for the initial operation; usually this is not 
fast enough where immediate reclosure is desired. 
Some early reclosers can be modified so as to be 
suitable for immediate reclosing duty. In one case, 
the first of the sequentially operated contacts is 
latched closed at the normal position. With this ar- 
rangement the opening of the breaker through its 
“b” switch immediately energizes both the release 
and the antipump relay. The release magnet starts 
the timer and simultaneously the contact latch is re- 
leased, permitting the closing circuit tobe made. The 
arrangement is such that immediate initial reclosure 
may be used or not, as desired. Details of the con- 
struction are shown in Fig. 1. 

(2) Modern Reclosers With or Without Immedzate 
Initial Reclosure and Subsequent Time Delay Re- 
closures. A more modern recloser available to give 
immediate reclosing or not, as desired, is shown in 
Fig. 2. A modification which only permits reclosing 
after approximately 1 sec is shown in Fig. 3. In 
both of these motor-driven devices, normal and lock- 
out positions are determined by cam-operated con- 


Fig. 5. Relay for 1 
immediate reclosure 
(for attended sta- 
tions) shown in nor- 
mal latched position 


tacts, which transfer the motor circuit to auxiliary 
switches on the breaker, at proper points in the re- 
closing cycle. 

In the normal position, the recloser motor circuit 
is complete except at the breaker ‘‘b’”’ switch. As 
soon as the breaker opens, the ‘‘b’’ switch closes 
(see Fig. 4) and starts the device, transferring this 
circuit direct to the supply. Near the lock-out point 
the motor circuit is transferred from direct supply 
to a connection through an ‘‘a”’ switch. If the 
breaker is in the closed position, the recloser con- 
tinues to the normal position at which point the 
motor circuit is transferred up to the “b” switch 
and stops in the normal position, ready for another 
reclosing cycle. When the breaker remains open, 
the recloser stops in the lock-out position and re- 
mains there until the breaker is reclosed. 

In the immediate reclosing form, the motor con- 
trol contacts are latched closed on DE and the re- 
closing contacts on AB, as shown in Fig. 4. When 
the release coil (179 auxiliary) is energized, the latch 
is broken and contacts EF close connecting the motor 
directly to the line. Simultaneously, contacts BC 
close, energizing the breaker control relay. The 
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mechanism is so arranged that the immediate re- 
closure may be changed to time delay simply by the 
adjustment of the contact arms. 

(3) One Shot (Immediate) Recloser for Attended 
Stations. In stations where operators are available, 
a great improvement in service is possible by applying 
a recloser for 1 operation and leaving resetting and 
subsequent reclosing to the operator. 

A simple and inexpensive relay giving 1 immediate 
reclosing impulse is shown in Fig. 5, which also shows 
the relay held by its latch in its normal position, with 
both contacts open. The closing of the breaker ‘‘b”’ 
switch energizes the reclosing relay coil and the arma- 
ture picks up to close the contacts, which in turn 
close the breaker. At the same time the relay latch 
is released. When the breaker closes, its ‘‘b”’ 
switch opens and the reclosing relay armature falls 
to the fully open position. From this point it can- 
not be picked up electrically, but must be returned by 
hand to its normal position, thus providing the re- 
quired anti-pump feature. In the fully open posi- 
tion a second set of contacts is closed, which may be 
used to energize a signal calling the operator’s atten- 
tion to the fact that further operation is in his hands. 

(4) Mercury Reclosing Device. A reclosing de- 
vice actuated directly by the circuit breaker mecha- 
nism, giving 1, 2, or 3 reclosures at fixed time inter- 
vals, is shown in Fig. 6. The contacts and timing 
element are embodied in a hermetically sealed tube 
containing mercury. The flow of the mercury 


Fig. 6. Mercury reclosing 
device for direct operation 
from breaker mechanism 
shown in position corre- 
sponding toclosedbreaker -—-— 


through fixed orifices, in the various chambers, 
provides the desired intervals between reclosures, as 
well as the time required for resetting. These in- 
tervals are independent of each other. _ 

When the breaker opens, the tube is rotated to a 
vertical position, where contact is made, after suf- 
ficient mercury flows into the contact chamber from 
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the initial chamber (lower end Fig. 6) thus reclosing 
the breaker. When the breaker recloses, the tube 
is returned to its original position and the mercury 
in the contact chamber is emptied quickly into the 
lock-out chamber (outer and upper chamber Fig. 6). 
After a predetermined number of successive opera- 
tions, within a prescribed time, the mercury is all 
accumulated in the lock-out chamber, leaving none 
with which to make contact, and the breaker is 
locked out. If the breaker remains in the closed 
position for a sufficient length of time, the mercury 
is returned through the resetting orifice, to the initial 
chamber. 

The “‘timing”’ orifice can be enlarged so as to give 
1 reclosing operation within 30 to 60 cycles. A 
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number of tubes can be grouped together so as to 
give different timing intervals between reclosures. 

In Table II there is given a brief résumé of the 
essential characteristics of the group of reclosers, 
described in this paper, particularly in relation to a 
few of the proposed duty cycles (given in Table IV) 
that are typical of the automatic reclosing sequences. 

The author desires to acknowledge the assistance 
given by L. F. Kennedy of the General Electric 
Company, Philadelphia works, in the preparation 
of this paper, particularly that section devoted to 
protecting and reclosing relays; and also the use 
of certain valuable data contained in 3 N.E.L.A. 
electrical apparatus committee reports (issued in 
1931 and 1932), together with subsequent data re- 
lating to operating experience with a-c reclosing 
equipment prepared by J. T. Logan of the Georgia 
Power Company. 
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Effects of Rectifiers 
on System Wave Shape 


Operation of mercury arc rectifiers gener- 
ally results in increased harmonic currents 
in the rectifier supply circuits and may result 
in increased harmonic voltages. While 
these harmonics usually are not serious 
from the standpoint of the power system, 
they may result in interference to com- 
munication circuits exposed to the power 
circuits. This paper presents a method 
of computing these harmonic voltages and 
currents, and discusses methods of coordi- 
nating telephone systems and a-c power 
systems supplying rectifiers. 


By 

P. W. BLYE Agaleloeilelecon 
MEMBER A.I.E.E. Newavere Nave 
H. E. KENT Edison Elec. Inst., 
MEMBER A.I.E.E. New York, N. Y. 


A, INHERENT characteristic of 
the mercury arc rectifier is that the wave form of the 
current it draws when connected to an a-c source is 
distorted in character even though the wave form 
of the supply voltage is sinusoidal. The degree to 
which this distorted current may react upon the 
voltage wave shape of the supply system depends 
upon the size of the rectifier and the impedance at 
harmonic frequencies of the supply system. Where 
the distortion of the system voltage wave form by 
the rectifier is important, harmonic voltages and 
currents may appear on power circuits in addition 
to that supplying the rectifier, and, under certain 
conditions, the resulting wave shape disturbance 
may be widespread in character. 

The harmonic voltages and currents introduced by 
a rectifier are usually not serious from the standpoint 
of the operation of the power system. In several 
cases that have arisen during the past few years, 
however, these components have resulte! in noise 
interference arising by induction in telephone cir- 
cuits involved in exposures with the power system. 
The increasing use of the rectifier as a source of sup- 
ply for d-c traction systems and its further applica- 
tion in connection with high powered radio trans- 


Full text of a paper recommended for publication by the A.I.E.E. committees 
on (1) electrical machinery, (2) communication, and (3) power transmission and 
distribution; and scheduled for discussion at the A.I.E.E. winter convention, 
New York, N. Y., Jan. 23-26, 1934. Manuscript submitted Oct. 14, 1933: 
released for publication Nov. 22, 1933. Not published in pamphlet form. 
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mitting equipment have made the problem of in- 
ductive codrdination between telephone circuits and 
power systems supplying rectifiers one of increasing 
importance. Project Committee 1C on Wave Shape 
of the Joint Subcommittee on Development and Re- 
search* of the National Electric Light Association 
and Bell Telephone System has conducted an in- 
vestigation of the effects of rectifiers on supply sys- 
tem wave shape. The present paper is based to 
a considerable extent upon the results of that in- 
vestigation. 

This paper presents a method, employing equiva- 
lent circuits and empirical formulas, that has been 
developed for computing the harmonic voltages and 
currents to be expected from a rectifier installation, 
discusses the various factors influencing the prob- 
lem, and considers methods of coérdinating tele- 
phone systems and a-c power systems supplying 
rectifiers. The use of the empirical formulas for 
estimating the magnitudes of the harmonic com- 
ponents to be expected from a rectifier requires a 
knowledge of the impedance at harmonic frequencies 
of the supply system involved. This paper also de- 
scribes a method of estimating this impedance from 
the physical dimensions of the lines and name plate 
data on the associated apparatus. The theoretical 
information presented is supported by considerable 
data representing the results of field studies ar- 
ranged to check the accuracy of the empirical formu- 
las in connection with operating rectifier installations. 

In this paper only the usual type of polyphase 
rectifier operating without control grids is con- 
sidered. 


SUMMARY OF CONCLUSIONS 


The following general conclusions have been drawn 
from the results of the field investigations conducted 
by Project Committee 1C and a supplementary theo- 
retical study of the factors influencing this problem. 
Certain results of the study are discussed in some- 
what greater detail in subsequent portions of the 


paper. 


1. The operation of a rectifier generally results in an increase in 
the magnitudes of the odd nontriple harmonic currents present in the 
supply circuit, and may result in an increase in the corresponding 
harmonic voltages. 


2. The magnitudes of these harmonic components depend upon 
several factors including: 

Supply Circuit Voltage. If all other factors remain the same, the use 
of a higher voltage feeder for supplying the rectifier will tend to reduce 
the magnitudes of the harmonic voltages and currents on that feeder. 
Power Supplied to Rectifier. In a given situation the inductive 
influence of the supply feeder increases with an increase in power 
supplied to the rectifier. 

Supply System Impedance. Within certain limits the voltage wave- 
shape distortion increases with an increase in the power system 
impedance at harmonic frequencies, while the distortion of the 
current wave form tends to decrease. Under certain conditions this 
effect is reflected in less voltage wave shape distortion on under- 


* As discussed in a ‘Symposium on Coérdination of Power and Telephone 
Plant” presented at the winter convention of the A.I.E.E. in 1931 (A.I.E.E. 
Trans., v. 50, 1931, p. 4837-74) the Joint Subcommittee on Development and 
Research was established by the N.E.L.A. and the Bell Telephone System in 
1923 as an agency for carrying out technical work on mutual problems of in- 
ductive coérdination. Participation of the electric light and power industry in 
the activities of this subcommittee now is being continued under the sponsorship 
of the Edison Electric Institute. 
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ground cable circuits than on overhead lines for a given rectifier 
_ load and supply system voltage. 

Number of Rectifier Phases. The distortion of both the current and 
voltage wave shape is less for 12-phase rectifiers than for 6-phase 
rectifiers. In the cases investigated by the committee, 12-phase 
operation resulted in an average reduction in the current and voltage 
telephone interference factors (T.I.F.’s)! on the supply circuit of 


approximately 50 per cent, compared with 6-phase operation in the 
same location. 


3. In certain cases, the operation of a rectifier may increase the 
inductive influence of considerable portions of the power system, in 
addition to the particular circuit supplying the rectifier. 


4. An empirical method has been developed for estimating the 
approximate magnitudes of the harmonic voltages and currents in 
the supply circuit to a rectifier in terms of the fundamental fre- 
quency voltage and current, the order of the harmonic component 
in question, and the impedance at harmonic frequencies of the 
supply system. The results of the field measurements indicate that 
this method gives reasonably accurate results over a wide range of 
conditions. 


5. In the present state of the art, there is no single, universally 
applicable method of coérdinating telephone systems and a-c power 
systems supplying rectifiers. In a particular situation, a study of 
the conditions will indicate which of the various methods of co- 
ordination available for use in the power or telephone systems will 
meet best the service requirements of both these systems in the 
most convenient and economical manner. Two of the methods 
relating particularly to the control of the influence of rectifier 
supply circuits are described in some detail in this paper. Measures 
relating to other phases of the control of influence, coupling, and 
susceptiveness which should be considered in the solution of a 
given problem are treated in various publications of the joint sub- 
committee on development and research. 


METHOD OF ESTIMATING MAGNITUDES 
OF HARMONIC CURRENTS AND VOLTAGES 


The wave shape of the current in the supply cir- 
cuit to a rectifier under light-load conditions or for 
the ideal case of a source of supply without re- 
actance has been analyzed by a number of authors.” 
Under load conditions, in the practical case in 
which supply system reactance is appreciable, this 
wave shape may be modified considerably and dif- 
ferent methods have been proposed for estimating 
the wave shape under these conditions. One of 
these‘ involves the extension of the light-ioad formula 
along theoretical lines. The method worked out 
by Project Committee 1C makes use of empirical 


1. For all numbered references, see list at end of paper. 


CASE \ 2 
TYPE 
OF 
CONNECTION: 


A- STAR 
6-PHASE,6-ANODE 


A-DOUBLE Y 
6-PHASE, 6-ANODE 


formulas developed from a theoretical study of the 
factors influencing the problem. The empirical 
constants employed were determined from the re- 
sults of actual measurements of the harmonic cur- 
rents and voltages in the supply circuits to a number 
of rectifiers. 


CURRENT WAVE SHAPES 


Ideal Case, No Supply System Reactance. As a 
preliminary step in the development of the equivalent 
circuit and empirical formulas for the practical case, 
it is helpful to consider first the ideai case, not ap- 
proached in practice, in which a rectifier is supplied 
from a system of negligible reactance through a 
transformer of negligible leakage reactance. 

Figure 1 illustrates the theoretical or light-load 
wave shapes of the currents in the a-c supply cir- 
cuits to 3 rectifier arrangements frequently used in 
practice. Cases 1 and 2, as indicated in the sche- 
matic diagrams, apply to common types of 6-phase 
rectifiers while case 3 illustrates a transformer ar- 
rangement often employed with 12-phase rectifiers. 
The manner in which these current wave shapes arise 
has been treated thoroughly in texts on the sub- 
ject?* and will not be analyzed here. 

The so-called 3-phase full-wave rectifier is equiva- 
lent in its operation to a 6-phase rectifier and, there- 
fore, the conclusions drawn in this paper for the 
latter hold equally well for the former. 

The current wave illustrated in case 1 may be 
resolved readily into a Fourier series consisting of a 
fundamental component and harmonics of orders 
6S+1 where S is any positive whole number— 
namely, harmonics of orders 5, 7, 11, 138, 17, 19, 23, 
25, etc. In each case the magnitude of the uth har- 
monic component is equal to 1/n times the funda- 
mental current. The current wave illustrated in 
case 2 may be resolved into a similar series, the har- 
monics differing from those in case 1 in phase only. 

The current wave of the 12-phase rectifier may 
be resolved similarly into a Fourier series consisting 
of a fundamental component and harmonics of 
orders 12S+1 where S is any positive whole num- 
ber—namely, harmonics of orders 11, 138, 23, 25, 
etc. As in the case of the 6-phase rectifier the mag- 
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Fig. 1. Theoretical wave shape of 
input current to a rectifier operating 
on a supply circuit of negligible 

reactance 
Overlapping effects and transformer 
magnetizing current neglected; rectifier 


output circuit assumed to be inductive. 
| = rectified direct current 
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nitude of the nth larmonic is equal to 1/n times the 
fundamental component. It may be noted that 
harmonics of orders 5, 7, 17, 19, etc., which were 
present in the case of the 6-phase rectifier are not, 
theoretically, present in the 12-phase arrangement. 
Figure 2A illustrates an equivalent phase-to- 
neutral circuit that represents the ideal case of no 
supply system reactance. If m represents the order 
of any harmonic that may be present and J,, repre- 
sents the harmonic current in the ideal case at that 
frequency, from the foregoing analysis 
Tapa (1) 
n 
where J, represents the fundamental frequency line 
current. 
In Fig. 2A, R,, is a fictitious quantity representing 
the internal resistance of the rectifier and /, repre- 
sents the harmonic voltage that will produce a cur- 
rent J, in a circuit of impedance R, (since the ex- 
ternal impedance, that of the supply circuit and 
transformer, has been assumed negligible in this 
case). Then £, is considered as the “‘open-circuit’’ 
harmonic voltage generated by the rectifier and 


En = Tirol (2) 


Measurements on a comparatively large number of 
rectifiers indicate that the magnitude of the so- 
called internal resistance is approximately 


Vg—Nn 
= 3 
Ro 31g (3) 


where Vy_, represents the fundamental frequency 
phase-to-neutral voltage. 

Substituting eqs 1 and 3 in eq 2, the magnitude of 
the ‘‘generated voltage’ /, becomes 

Vg—n 

Practical Case. An equivalent circuit for the prac- 
tical case taking into account the modification of the 
current wave shape by the supply system reac- 
tance may be set up now by merely adding to 
the circuit for the ideal case elements representing 
the impedance of the supply system and the leak- 
age impedance of the rectifier transformer. An 
equivalent circuit so modified is illustrated in Fig. 2B. 
In this revised circuit, 


En 
Vv Isic =e Line ©) 


where Z, represents the vector sum of the trans- 


In = 


SYSTEM 


| ' 
| ' 
! \ 1 
! 1 1 

i \ ; 

| SUPPLY 
\ \ \ 

| ' 

i | H 


RECTIFIER | 


RECTIFIER 
Cc 


bs 


A. Rectifier supplied from B. 
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pedance (theoretical case; 
see eqs 1 to 4) 
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with external impedance (practical 
case; see eqs 5 to 7) 


Fig. 2. Phase-to-neutral equivalent circuits of recti- 
fiers for calculating harmonics in supply circuit 
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former leakage impedance (Z,,) and the system 
phase-to-neutral impedance (Z,,) at the harmonic 
frequency, both referred to the fundamental fre- 
quency voltage Vz_y. 

Substituting eq 4 in eq 5 


Vg—n (6) 


IPS cay 
3nV/Ro? + Zn? 


It may be noted from eq 6 that, in order to com- 
pute the magnitude of any harmonic current com- 
ponent, it is necessary to know: (1) fundamental 
frequency voltage V,_,, (2) the fundamental fre- 
quency current (see eq 3), and (3) the combined im- 
pedance at the harmonic frequency of the rectifier 
transformer and the supply system. 

An examination of eq 6 and the equivalent circuit 
(Fig. 2B) indicates that the maximum current at 
any harmonic frequency will obtain when a condi- 
tion of resonance exists between the transformer 
leakage reactance and the system reactance. Un- 
der this condition the term Z, becomes small com- 
pared to R, and the harmonic current approaches 
that which would obtain in the ideal case of no sup- 
ply circuit reactance. Under this condition, from 
eq 1 


Conversely, the harmonic current is minimum at 
any frequency when there is a condition of parallel 
resonance in the system impedance. Under this 
condition the term Z, becomes relatively large com- 
pared to R,. If it were not for losses due to re- 
sistance and leakage in the system, the system im- 
pedance at parallel resonance would be infinite and 
the harmonic current at that frequency would be 
zero. 


VOLTAGE WAVE SHAPE 


Referring again to Fig. 2B, the phase-to-neutral 
harmonic voltage on the supply circuit at the line 
terminals of the rectifier transformer is 


Wee = LnZisn (7) 


The phase-to-neutral harmonic voltage at any other 
point on the system may be computed in a similar 
manner from the product of the harmonic current at 
that point and the phase-to-neutral harmonic im- 
eee of the system looking away from the recti- 

Se 

Reference to eqs 6 and 7 and Fig. 2B will indicate 
that if Z,, is greater than R,, maximum harmonic 
voltage will be impressed on the system when the 
current is a maximum, that is, when the transformer 
and system impedances are in series resonance. 
Otherwise, the harmonic voltage impressed on the 
system (V,,) will be maximum under the condition of 
parallel resonance of the system, when Z,, becomes 
large compared to Z,, and R, and the harmonic 
voltage V, is practically equal to the voltage £,,. 
Minimum harmonic voltage will be impressed on the 
system when the system impedance Z,,, exclusive 
of the transformer, is series resonant. Except for 
losses due to resistance and leakage, the harmonic 
voltage V, under this condition would be zero. 
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Fig. 3. Comparison of harmonic currents computed 
by empirical method with measured values 


APPLICATION OF FORMULAS 
TO 12-PHASE RECTIFIERS 


In the discussion of the ideal case of no supply 
circuit reactance it was brought out that, theo- 
retically, harmonics of orders 5, 7, 17, 19, etc., are 
not present in the input circuit of a 12-phase rectifier. 
In practice, however, presumably due to unbalances 
between the 2 6-phase units that make up a 12- 
phase rectifier, these components are not reduced 
to zero. While their relative magnitudes have been 
found to vary with different rectifier installations, 
experience indicates that on an average these theo- 
retically suppressed components appear 1n magni- 
tudes approximately equal to '/; those that would 
result from 6-phase rectifiers. The empirical formu- 
las (eqs 6 and 7) therefore, may be modified for 
application to 12-phase rectifiers as follows: 


es BV oN (8) 
BnV Ro + Zn2 
Vas = TnZisn (9) 


For 6-phase rectifiers, K = 1. For 12-phase rectifiers, K = 1 for 
n = 11, 13, 23, 25, ete.; K = 0.2forn = 5,7, 17, 19, ete. 


n 
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Fig. 4. Comparison of I.T products estimated by 
empirical method with those measured on circuits 
supplying rectifiers 
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ACCURACY OF EMPIRICAL FORMULAS 


The accuracy of the foregoing formulas depends 
upon the accuracy of the assumption that EL, is a 
fixed and constant voltage and the degree to which 
the quantity R, is represented correctly by eq 3. 
The accuracy of results obtained by the formula also 
depends upon the precision to which the system im- 
pedance is known. Project Committee 1C has car- 
ried out a rather extensive series of calculations and 
measurements to check the over-all accuracy of the 
method. 

The correlation between calculated and measured 
values of the individual harmonic currents in the 
various cases tested is indicated in Fig. 3. In order 
to demonstrate the accuracy of the formula itself, 
the calculations are based upon measured, rather 
than calculated, system impedances. It may be 
noted that the greatest spread between measured 
and computed values was found in the case of the 
5th harmonic. This can be explained in part by 
the presence of 5th harmonic components from 
sources on the system other than the rectifier which 
affected the measured values, but which were not 
considered in the computations. This effect is 
probably also present, but to a less marked degree, 
at the other harmonic frequencies. In general it 
appears that in a large majority of cases the in- 
dividual harmonic components can be computed to 
within +30 per cent. In view of the nature of the 
quantities being computed, which are often highly 
variable in character due to rectifier load fluctuations, 
the method is considered sufficiently accurate for all 
practical purposes. 

In inductive coérdination studies a weighted com- 
bination of the various harmonic components present 
added in accordance with the root-sum-square 
method and called the ‘‘telephone interference fac- 
tor’ or T.I.F.! is usually of greater interest than the 
magnitudes of the individual harmonics. The phase 
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Fig. 5. Equivalent circuits of various portions of a power system, and formulas for calculating their phase-to-neutral 
impedances at harmonic frequencies 
a = Cable dimension (inches) (see Fig. 8) n = Order of harmonic 
Ay = Series impedance of equivalent 7 network %X = Reactance exoressed in per cent 
B; = Shunt impedence of equivalent network = Cable dimension (inches) (see Fig. 8) 
Cc = Capacitance to neutral per conductor per mile (microfarads) r = Radius of conductor (inches) 
D = Mean spacing of conductors (inches) D = Diz Dos Dar SimQ = C aac Fig 6 
i = Frequency (cycles per second) 6 = Correction factor (see Fig. 6) 
I = Rated full-load current per phase (amperes) Tan 6/9 
K = Specific inductive capacity of cable insulation (see Fig. 8) = Correction factor (see Fig. 7) 
KVA = 3-Phase rating (kilovoltamperes) 0/2 
KVA, = Single-phase rating (kilovoltamperes) Rated phase-to-phase voltage (volts) 


V 
Inductance per conductor per mile (milhenries) V;, 
Length of line (miles) 6 


current multiplied by its telephone interference fac- 
tor (I.T) frequently is used as an index of the in- 


calculations is better than that for the individual 
harmonics because in making the summation certain 


ductive influence of a power circuit from the stand- 
point of induction from balanced currents. The 
correlation between the measured and computed 
I.T products from the cases tested by the committee 
is indicated in Fig. 4. Except in a few cases the 
computed values were within about +20 per cent 
of the measured values. The accuracy of these 
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errors in the individual components tend to average 
out. 

The accuracy of the calculation of individual 
harmonic voltages and the voltage T.I.F. to which 
they contribute depends upon the accuracy with 
which the system impedance at harmonic frequencies 
is known. 


ELECTRICAL ENGINEERING 


METHOD OF COMPUTING SYSTEM 
IMPEDANCES AT HARMONIC FREQUENCIES 


Measured values of the impedance of the supply 
system at harmonic frequencies required in the em- 
pirical formulas discussed are seldom available. 
In using the formulas, therefore, it is usually neces- 
sary to estimate this impedance, at the various 
frequencies desired, from the physical dimensions of 
the lines and cables involved and the name plate 
data on the associated apparatus. 

In making calculations of system impedance it has 
been found convenient to build up a composite 
equivalent circuit made up of elements representing 
the impedances of the lines and of the various pieces 
of connected equipment. It has been found that 
overhead transmission lines or cables may be repre- 
sented by networks of inductive and capacitive re- 
actances, while apparatus such as transformers, re- 
actors, regulators, and rotating machinery can be 
represented approximately by inductances. When 
all the elements of the equivalent circuit have been 
assembled in their proper physical relationships, 
they may be combined at any desired frequency to 
reduce the entire network to a single impedance 
(Z,,) as required in the empirical formulas. 

At harmonic frequencies the resistance and leakage 
of the various elements of the power system are 
ordinarily negligible compared to the inductive and 
capacitive reactance. However, at frequencies 
where series or parallel resonance occurs, the re- 
sultant impedance is determined largely by the re- 
sistance and leakage. From a practical standpoint, 
the error introduced in impedance calculations near 
points of resonance by other approximations in- 
volved is probably as important as that due to neg- 
lecting resistance or leakage. Moreover, as series 
or parallel resonant points in the system impedance 
are approached, the harmonic currents and voltages 
from a rectifier approach values fixed by other ele- 
ments, and relatively large errors in the system im- 
pedance are not critical. 

In general, the lowest impedance path to harmonics 
is that toward the main source of supply and the im- 
pedance of that source is, therefore, generally the 
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controlling factor in the system impedance. Except 
in unusual cases the shunting effects of load equip- 
ment may be neglected. However, the shunting 
effects of cables or long overhead lines other than 
that feeding the rectifier, but supplied from the 
same source, may be important and must be con- 
sidered. 

In establishing the equivalent circuit for a system 
it is necessary, of course, to reduce the impedances 
of the various elements to a common voltage basis 
usually determined by the fundamental frequency 
voltage at the point where the harmonic components 
are to be calculated. 

Formulas for the equivalent phase-to-neutral 
impedances at harmonic frequencies of various por- 
tions of a power system are summarized in Fig. 5. 

Overhead Lines and Cables. It may be noted that 
in Fig. 5 the complete equivalent circuit for an 
overhead line or cable is shown in the form of a z- 
network. The method’ of computing the elements 
of this network makes use of the hyperbolic angle 
6 of the line and the formulas involve the functions 
sin 6 tan 6/2 

and ————.- 

6 6/2 
tities have been plotted against values of the angle @ 
(in radians) in Figs. 6 and 7, respectively. 

Formulas for the capacitance-to-neutral (C) of 
a cable involve details of the cross-sectional dimen- 
sions of the cable as indicated in Fig. 8. For shorter 
lengths of cables (of the order of 5 miles or less) 
the series reactance may be neglected and the cable 
may be represented by a simple shunt capacitance 
as indicated in eq 17. 

Transformers. The per cent reactances to be 
used in the transformer equations (18 to 28) should 
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Fig. 8. Formulas for calculating phase-to-neutral 
capacitance of power cables 


Approximate values of specific inductive capacity (K) 
Impregnated paper (solid) 
Impregnated paper Coil filled) 
Rubber 
Varnished cloth 
Formulas from “Principles of Electric Power Transmission an 
Distribution,” by Moog a Wiley and Sons, 1995, 
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be taken from the name plate of the transformer 
whenever possible. Where this value is not avail- 
able, the following approximate percentages, based 
upon experience, have been found suitable for use in 
preliminary estimates: 


RECIMCTaUTATISL OLIMELS Ne ecient cere Nets oo siauehe emcee tearusgevey = oie 4% 
Dison WEA onasoveacwo oo opm eoecoo8 gen Cnt 8% 
Power transformers for primary voltages up to 33 kv......... 6% 
Power transformers for primary voltages above 33 kv.........10% 


Formulas for the equivalent circuit of a 3-winding 
transformer are given, together with a schematic cir- 
cuit diagram, in Fig. 9. It may be noted that the 
reactances in Fig. 9 are at the fundamental fre- 
quency. The corresponding impedances at the 
frequency of the mth harmonic, therefore, would be 
obtained by multiplying these quantities by 1. 
For example: 


Zin = +yn(X1) 


Induction Voltage Regulators. The results of meas- 
urements at harmonic frequencies of the impedance 
and ratio characteristics of induction voltage regula- 
tors indicate that these devices may be considered 
equivalent to variable ratio autotransformers the 
leakage reactance of which varies with regulator 
setting. In view of this variation in impedance, it is 
generally necessary to use an average value in system 
impedance estimates. Measurements on a limited 
number of regulators indicate that this reactance 
averages about 18 per cent, based upon the regulator 
rating, for either 3-phase or single-phase regulators. 

Rotating Machinery. Since very little information 
has been available heretofore on the reactance of ro- 
tating machinery to impressed harmonics, project 
committee 1C conducted measurements in the field 
on 49 machines, the results being as shown in Table I. 

The results of the tests indicated a fairly consistent 
relationship between the impedance to impressed 
harmonics and the negative phase sequence im- 
pedance of the machine. Where the negative phase 
sequence impedance of a machine is known, this 
quantity multiplied by 0.9 for turbine generators 
and by 0.7 for hydroelectric generators and syn- 
chronous condensers may be used in eq 28 for com- 
puting the equivalent reactance at harmonic fre- 
quencies. 


(28) 


Kilo Xs x, — eX» Vi? 
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> a X20) | 4,0000K VA) om (20) 
ve %X V2 
3 Ly = ‘04+ 13 1 
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% Xi2 = Per cent reactance between windings 1 and 2 
% Xo, = Per cent reactance between windings 2 and 3 
% X13 = Per cent reactance between windings 1 and 3 
Vi = Rated voltage of winding 1 (phase-to-neutral) 
V2 = Rated voltage of winding 2 (phase-to-neutral) 
V3 = Rated voltage of winding 3 (phase-to-neutral) 
(KVA)i2 = KVA base (per phase) for reactance rating % Xv 
(KVA)3 = KVA base (per phase) for reactance rating % X23 
(KVA)is = KVA base (per phase) for reactance rating % Xs 


Fig. 9. Equivalent circuits of 3-winding transformers 


ILLUSTRATIVE EXAMPLE OF EQUIVALENT NETWORK 


An example of the method of setting up a phase-to- 
neutral equivalent circuit for use in computing the 
impedance of a system supplying a rectifier is illus- 
trated in Fig. 10. In the upper part of the figure is 
given a single-line diagram of the system; in the 
lower part is shown the equivalent circuit, each 
portion of which is numbered to correspond to the 
portion of the system it represents. The formula 
applying to each element of the circuit is indi- 
cated. It should be appreciated that this example 
purposely has been made complicated in order to 
illustrate a large number of equivalent circuits. In 
many cases the rectifier transformer and the circuit 
between the rectifier and the substation control the 
system impedance to harmonics. 


COORDINATIVE MEASURES 


As previously discussed, experience indicates that 
the inductive influence of a power circuit when 
supplying rectifiers may be considerably greater 
than when supplying the more usual types of load. 
Therefore, codrdination of exposed telephone circuits 
with power circuits supplying rectifiers may be 
expected to be more difficult than with circuits 
supplying other loads. In this problem, as in all 
inductive codrdination work, the general principle® 
of codperative advance planning of the power and 
telephone system is, of course, very helpful. 

In the present state of the art, the following specific 
coordinative methods appear to be the most promis- 
ing: 

1. Advance planning of method of supplying rectifier from the 
standpoint of minimizing wave shape distortion. 


2. Frequency selective devices. 
8. Coérdinated power circuit transpositions. 


4. Reduction of power circuit unbalances, such as those caused by 
single-phase branches. 


5. Coérdinated telephone circuit transpositions. 


6. Reduction of telephone circuit unbalances, such as those caused 
by the connection of ringer windings from one side of line to ground 
for selective ringing. 


7. Shielding of telephone cable circuits by grounding the cable 
sheath. 


Xie = X + Xe (ohms) (22) 
xy 
© Srp Xa = Xa + Xs (ohms) (23) 
Ais = = X, + Xs (ohms) (24) 
Xi3 — X: 
x X, = SB ABT %8 ohms) (25) 
Xp — X Xx: 
Bee 12 13 + Xo Gla (EO. 
e) 9 
Xue ee 
X, = “BAB *8 (ohms) (27) 
Xi = Leakage reactance associated with winding 1 
Xz, = Leakage reactance associated with winding 2 
X3 = Leakage reactance associated with winding 3 
Xiz = Total leakage reactance between windings 1 and 2 
X23 = Total leakage reactance between windings 2 and 3 
X13 = Total leakage reactance between windings 1and 3 


Note. All reactances must be referred to the same phase-to-neutral voltage base (here V1); the reactances may be referred to phase-to- 
neutral voltage base V by multiplying each reactance by (V/V1)? 
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Fig. 10. Example of application of equivalent circuits and corresponding formulas 


Of these methods, only the first 2 are discussed in this 
paper. Various engineering reports of the Joint 
Subcommittee on Development and Research con- 
tain information on the remaining items. These 
other factors, of course, should be given due con- 
sideration in any coérdination study. 

As shown by the diverse character of the items 
listed, no single method of coérdination is unt 
versally applicable in all cases. A study of the 
various factors present in a particular situation will 
indicate what method, or methods, of codrdination 
applied to the telephone system, the power system, 
or both will meet best the service requirements of 
both systems in the most convenient and economical 
manner. 


Power System Factors AFFECTING WAVE SHAPE 


In many cases the distortion in supply system 
wave shape may be minimized by advance con- 
sideration from the codrdination standpoint of the 
method of supplying a rectifier. Economies in the 
application of coérdinative measures often may be 
realized when the following points are considered in 
selecting the method of supplying power to a rectt- 
fier : 


1. The voltage wave shape distortion generally will be minimized 
when the rectifier is supplied from a power source of relatively large 
capacity over a short length of circuit. However, the current wave 
shape distortion may be important if telephone lines are exposed to 
this circuit. 


2. Other conditions remaining the same, the higher the supply 
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Table I—Measured Per Cent Reactance (Referred to 60 


Cycles) to System Harmonics of 60-Cycle Rotating 
Machinery 
Turbine Hydroelectric Synchronous 

Generators Generators Condensers 
AVECAZE ./claace siete Gyeherelopeinyete WL (24) ieee cote PAMGE hes aaocon.o 21 (11) 
IMG rbebbe anne nom o0edec CO fee ORs acy Oe eee" LON aie ast ensuetetens 14 
Maxkimitinia. soern csi tae UL Times Sr tee scores eye ZO NAR. yc he Serene 35 
Note: Figures in parentheses indicate number of machines included in average. 


circuit voltage the less, in general, will be the distortion of both the 
current and voltage wave shape. 


3. The distortion of the supply circuit voltage wave shape generally 
will be iess when the rectifier is supplied from a cable network than 
from overhead lines. 


4, The distortion of voltage wave shape on distribution circuits 
applied from the same transmission system as a rectifier may be an 
important factor. This is especially true where the distribution 
circuits occupy poles jointly with telephone circuits. As an approxi- 
mation, the voltage T.I F. on the distribution system may be assumed 
equal to the voltage T.I.F. of the transmission system at the point 
where the distribution system is supplied. The voltage T.I.F. at 
any point on the transmission system may be estimated by the 
empirical methods previously discussed. 


5. Where various methods of supplying power to a rectifier are 
available, a preliminary investigation of the power system impedance 
at harmonic frequencies will indicate the method that will cause the 
least distortion of the system voltage wave shape. In the cases 
investigated, the most desirable arrangement has been found to be 
that in which a relatively low impedance is seen looking away from 
the rectifier at points from which other circuits involved in exposures 
with the telephone plant are supplied. 
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FREQUENCY SELECTIVE DEVICES APPLIED TO 
RECTIFIER SUPPLY CIRCUIT 


In general, the use of selective devices such as 
filters for suppressing harmonic components in the 
a-c supply circuit to a rectifier is less practicable 
than in the case of the d-c output circuit. However, 
in some cases where the smaller sizes of rectifiers 
have been involved, the use of selective devices has 
been found to be the most economical solution of the 
inductive coordination problem. Up to the present 
time no selective devices have been applied to large 
rectifiers. 

The most practicable type of filter for use directly 
in the supply circuit to a 6-phase rectifier appears to 
be one consisting of a bank of shunt capacitors and 
a group of reactors connected in series with the cir- 
cuit. A schematic circuit diagram of a filter of this 
type is illustrated in Fig. 11, together with formulas 
for the harmonic currents and voltages on the line 
side of the filter. It may be noted that in this case 
the shunt capacitors are A-connected, although the 
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Fig. 11. Schematic diagram of a filter for improving 
wave shape of a-c supply to a rectifier 
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(Impedance to be added vectorially.) Harmonic phase-to- 
neutral voltage 


Vis = es Zsn 


(35) 


(36) 


same capacitor rating in kilovoltamperes would be 
required if they were Y-connected. 

Usually this type of filter is most effective if the 
shunt capacitors are connected on the line side of, 
and immediately adjacent to, the rectifier trans- 
former. The most favorable location for the series 
reactors has been found to be on the line side of the 
capacitors. The values of shunt capacitance and 
series inductance chosen depend upon the size of the 
rectifier, the voltage of the circuit in which they are 
to be connected, the system impedance, the ef- 
fectiveness desired, and the effect on fundamental 
frequency voltage regulation. 

In one situation, a successful combination for use 
in the 2,300-volt supply circuit to a 200-kw rectifier 
associated with a 50-kw radio broadcasting station 
was found to be a A-connected bank of capacitors 
of 15 uf each and series reactors of 13 mh each. 


Frequently, in radio transmitting stations, 2 voltage 
transformations are made between the supply feeder 
and the rectifier. In situations of this character the 
most effective location for the filter appears to be 
between the 2 transformer banks. In special cases 
the most practicable filter design may be found to 
consist of shunt capacitors only, and in one case on 
which estimates have been made the most effective 
location for the shunt capacitors appeared to be on 
the rectifier side of the rectifier transformer. In a 
majority of the cases examined, however, the best 
location for the shunt capacitors has been found to 
be immediately adjacent (on the line side) to the 
rectifier transformer, or, if a regulator is used, on the 
line side of the regulator. 


Table II—Effectiveness of Filter in Rectifier Supply 


Circuit 
Feed No. 1 Feed No. 2 

Frequency Line Voltage (%) Line Voltage (%) 
Cycles Per Filter Filter Filter Filter 

Second Out In Out In 
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1140 ees LO ees oto O04 72 ee cca 1 Sao een eae 0.066 
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L500 tame OsS8Ditaeteiels OH034 45 eee vy: © Seen 0.047 
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The effectiveness of the filter mentioned in the 
preceding paragraph, consisting of 15-yf capacitors 
A-connected and series reactors of 13 mh, is illus- 
trated in Table II. Ina filter of this type the series 
reactors must be designed to carry continuously 
the full fundamental frequency phase current re- 
quired by the rectifier and to withstand safely 
momentary current surges resulting from short 
circuits in the rectifier station. The capacitors must 
be designed to withstand the peak voltage to which 
they may be subjected, including both the funda- 
mental frequency voltage and the arithmetic sum of 
the harmonic voltages. The effect of the filter on 
voltage regulation must be taken into account. 

In designing a filter of this type it is necessary to 
consider the possibility of various conditions of 
resonance between the filter and the system which 
might adversely affect the effectiveness of the filter. 

In certain cases in which it is desired to reduce 
only a small number of harmonic components in the 
circuit supplying a rectifier, resonant shunts tuned 
to the frequencies of these components might be sub- 
stituted for the shunt capacitors shown in Fig. 11. 
In computing the effectiveness of such an arrange- 
ment at a given frequency the effective resistance of 
the resonant shunt tuned to that frequency should 
be substituted for Z,,, in eq 35. Since this ef- 
fective resistance, 7,,, would be small and at right 
angles to Z,,, and Z,,, eq 35 in this case would 
reduce to approximately: 


Vo mee Yon it 
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In some cases the series reactors may be omitted 

oe eq 37 may be reduced still further by eliminating 
Lsn* 

At frequencies other than those for which shunts 
are provided, the effectiveness can be computed from 
eq 35 by substituting for Z,,, the impedances of 
all the resonant shunts in parallel at the frequency in 
question. At these frequencies there is a possibility 
of adverse resonance conditions involving the reso- 
nant shunts and other portions of the system and in 
each case this possibility must be investigated. 

In computing the effectiveness of a filter of this 
type it should be noted, that all impedances are 
taken as phase-to-neutral impedances. Where equal 
shunt elements are A-connected, therefore, their im- 


Petersen Coil Tests 


on 140-Kv System 


Petersen coils installed on part of a 140-kv 
transmission system operating with the 
neutral ungrounded have — successfully 
eliminated a large percentage of inter- 
ruptions due to line-to-ground faults which 
occurred on that section. Detailed tests, 
presented in this paper, also have been 
made, and indicate many characteristics of 
the Petersen coil system. 


By 
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1 fee 140-kv transmission system of 
the Consumers Power Company in the state of 
Michigan has a total connected length of approxi- 
mately 1,000 miles and is operated with the neutral 
ungrounded; protection is provided by means of 
directional phase and directional ground relays, the 
latter operating on residual charging current and. 
residual voltage to ground.! A study indicated that 
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pedances should be divided by 3 when used in the 
formulas. 
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the installation of ground fault compensating coils 
offered possibilities of improving system operation 
by permitting line-to-ground faults to be cleared 
without circuit interruptions. 

In order to determine the efficacy of such coils 
on the 140-kv transmission system, initial installa- 
tions of Petersen coils were made in 1931 on a 
portion of this system which was isolated from the 
remainder by delta-delta connected transformers. 
These Petersen coils, each rated at 10,773 kva, were 
installed at the Saginaw River plant and at the 
Alcona hydroelectric plant. During August 1931, 
the Consumers Power Company with the assistance 
of the Joint Subcommittee on Development and 
Research of the Edison Electric Institute and the Bell 
Telephone System, and the General Electric Com- 
pany, conducted extensive field tests to study the 
operation of the coils under a wide range of condi- 
tions. These included various fault conditions with 
the Petersen coils in service, with the neutral iso- 
lated, and with the neutral grounded by means of a 
grounding bank. 

The following conclusions may be drawn from the 
results of these tests and subsequent operating 
experience: 


1. The shock to the system during line-to-ground faults is very 
small with the Petersen coils in service and the ground fault current 
is of a low value. 


2. The tuning of the Petersen coils may be determined either by 
calculations, by ammeter tuning, or by fault tuning. The operation 
of the coils when in tune is not affected by the location of the fault 
or by the particular conductor faulted. 


8. Successful operation of the coils as regards arc extinction requires 
that the uncompensated fault current be kept to a low value. In 
this connection it is very important that the line conductor sizes and 
the transmission voltage be properly correlated so that the corona 
current will not be excessive during fault conditions. 


4. The maximum overvoltages recorded during the tests were 
approximately 3 times normal and in no case were there any exces- 
sive voltages attributable to arcing grounds, Petersen coil resonance, 
or to any other causes. 


Operating experience on the Petersen coil section 
of the system during the past 21/, years has demon- 
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strated that the coils successfully eliminate a large 
percentage of interruptions due to line-to-ground 
faults. The use of the coils does not interfere with 
the normal routine operation of the system. 


THEORY OF PETERSEN COIL OPERATION 


A ground fault compensating coil is an inductance 
suitable for connection in a transmission system in 
such a manner that, in case of an arc from one con- 
ductor to ground, the fault current will be of such 
low value that the arc will be self-extinguishing under 
conditions usually encountered. The original form 
of this device, developed by Dr. Petersen in Germany 
and therefore termed a Petersen coil, consists of an 
inductance connected between ground and the 
neutral point of a wye-delta connected transformer 
bank operating on a transmission system which is 
otherwise ungrounded. 

A simplified diagram of connections is shown in 
Fig. 1(a), in which the capacitance between ground 
and each of the 3-line conductors is represented by 
C,, C2, and C3. Consider this first as an isolated 
neutral system (neutral switch S open) and neglect 
leakage resistances and circuit losses. With a fault 
to ground on conductor 1, the voltage across C; falls 
to zero, while the voltages across C, and C; become 
line-to-line voltage, F,, and E3,, respectively, as 
shown by the vector diagram of Fig. 1(b). The 
current in the fault (2, + J3,) will then be the sum 
of the currents through the capacitances to ground. 
This current will lead the residual voltage E, by 
approximately 90 deg, as shown in Fig. 1(6). Con- 
sider now that the Petersen coil, a variable induc- 
tance, is connected between neutral and ground 
(switch S closed). The voltage between neutral and 
ground Fy, (Z,/3) impressed across this inductance 
will cause a current Jy, (—J,) to flow which will lag 
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this voltage by approximately 90 deg. As the path 
of this lagging current is also through the fault, the 
fault current will now become the vectorial sum of 
—I,and+TJ,. If the Petersen coil is tuned so that 
its inductance is of the correct value, J, will be equal 
and opposite to J, and, neglecting losses, the fault 
current will theoretically be zero. Actually, losses 
due to conductor resistance, corona, etc., cause a 
small amount of in-phase current (not shown in this 
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vector diagram) which is not balanced out by the 
Petersen coil. This unbalanced current in the fault 
is expected to be of such a small value that arcs 
over insulator strings, or across gaps of the same 
lengths, will be unstable and will be broken by air 
currents within a few cycles. 

Since under normal operating conditions voltage 
between neutral and ground is of very low value, the 
Petersen coil can be left in the circuit at all times 
and hence is at once effective in case of a fault to 
ground. Provision is sometimes made for taking the 
coil out of service in case a permanent fault develops 
(such as, a conductor on the ground, a punctured 
insulator, etc.). Obviously, the Petersen coil can be 
effective in clearing trouble only when the fault is an 
arc from one conductor only to ground inasmuch as 
trouble involving more than one conductor constitutes 
a line-to-line short circuit. 


PREVIOUS OPERATING EXPERIENCE 


Although the installation of Petersen coils on the 
Consumers Power Company system is the first 
application to systems above 100 kv in this country, 
it is not to be inferred that they are a new develop- 
ment in the art. The first coils were built and in- 
stalled in Germany in 1917, and since then the in- 
stallation of ground-fault compensating coils has 
come to be considered standard practice in Germany 
(the law there prohibits solidly grounding the neu- 
tral), with the result that today practically all high 
voltage systems there are so equipped. Lines pro- 
tected by these coils total 100,000 miles in length 
with operating voltages as high as 220 kv. 

In 1921 the first Petersen coil in the United States 
was put in service on a 93-mile 44-kv system in 
Alabama.”? The coil used in this installation was 
later found to have certain electrical characteristics 
which permitted resonant conditions and consequent 
overvoltages. (To eliminate this behavior, coils are 
now designed to saturate at abnormal voltages and 
so destroy the condition of resonance with rise of 
voltage.) Its service record, however, was satis- 
factory as it neutralized approximately 55 per cent 
of the faults which occurred on the system. The 
coil was taken out of service when extensive changes 
were made on the 44-kv system, which resulted in a 
considerable increase in the connected circuit mileage. 
The coil was moved to a location on the Georgia 
Power Company’s system where it has been in 
successful operation on a small 44-kv section of line 
up to the present time. 


e 
DESCRIPTION OF INSTALLATIONS 


The 140-kv lines of the Consumers Power Com- 
pany having a total connected length of approxi- 
mately 1,000 miles are arranged in the shape of a 
large ““U”’ extending along the eastern and western 
sides and through the southern portion of the state 
of Michigan. Power is generated by hydroelectric 
generating stations and by steam generating stations 
located at various advantageous points close to the 
load centers. The system is interconnected with 
the Detroit Edison Company through a 132-kyv 
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transmission line and a 30,000-kva transformer bank. 

The 2 Petersen coils installed on the system of the 
Consumers Power Company in 1931, one at Saginaw 
and one at Alcona, were manufactured by the 
General Electric Company and have identical char- 
acteristics. They are each rated: 10,773 kva, 133 
amp, 60 cycles, 81 kv, and are protected by a thyrite 
resistor installed inside the tank under oil and con- 
nected across the terminals. Tap changing under 
load equipment is provided which permits the use of 
any of the taps indicated in Table I. 


Table I—Petersen Coil Characteristics 


Tap Impedance 10-Min Rating 
1 OS Acca ee ane 4.46 + j1482 ohms, 100.0%.........0... 56.6 amp 
7B Ue Nee One Re Ce 3.95 + j1206 ohms, 81.4%............. 86.4 amp 
Sie Ronin, seers ate 3.55 + 71020 ohms, 68.8%............ 75.7 amp 
OM a Oa sights SHORE Sela 810m ohms,  58:8%. ........8e 86.2 amp 
"DRC ee eae PO SOM) OMe, MWA wacooapsdeacs Wewicran 
Oisser fica once sie 2.76 + j676 ohms, 45.7%.............105.0 amp 
VA Race tac SA eters 2008 Oli ohimsy 413%. jaca... 115.0 amp 
Sema antes enatenae 2.46 -- 7556 - ohms, 37.5%.............125.0 amp 
DN ears awe co. 08 2.38 + 9515 ohms, 34.8%.............133.0 amp 


At Saginaw the coil is connected in the neutral of a 
9,000-kva wye-delta connected transformer bank 
having a zero sequence impedance of 76 + 7638 
ohms. At Alcona the main 9,000-kva station trans- 
former bank is connected wye-delta with the Petersen 
coil in the neutral circuit. The zero sequence im- 
pedance of this transformer bank is 17 + 7202 ohms. 
Each coil was specified to cover a range of 75 to 175 
miles and to have taps which would be suitable for 
tuning equal increments of line, which required that 
the percentage change in impedance between the 
Petersen coil taps be smaller at the higher taps. 

The installations are arranged so that if a line-to- 
ground fault persists, the Saginaw coil will be short- 
circuited by an oil circuit breaker controlled by a 
definite time overcurrent relay and the neutral 
circuit at the Alcona plant will be opened by a cir- 
cuit breaker after a similar time delay. The neutral 
of the system then will be grounded directly by the 
Saginaw bank permitting ordinary directional re- 
sidual ground relays to clear the section of line in 
trouble. 


PURPOSE OF TESTS 


The purpose of the tests was to determine experi- 
mentally the proper tuning for the coils as compared 
with calculated tuning points and to check the opera- 
tion of the coils under various fault conditions similar 
to those which might be expected in practice. Tests 
were made to determine the tuning point as indicated 
by observation of the neutral current under normal 
conditions, and compare it with the tuning point 

determined by measurements of fault current under 
fault conditions. Observations were made regarding 
the effect on coil tuning of the location of the fault, 
the conductor faulted, and the operation of the 
system at voltages ranging from 70 to 140 kv. A 
study was made of the performance of the system 
with Petersen coils as compared with its behavior as 
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an isolated neutral or grounded neutral system. 
The tests may be divided into the following classi- 
fications: 


1. Tuning of Petersen coils with power system 
a. Method using neutral ammeter under normal conditions 
b. Method involving line-to-ground faults 


2. Line-to-ground fault tests with neutrals of wye-delta transformer 
banks at Saginaw and Alcona connected: 

a. Isolated 

b. To ground through Petersen coils 

c. Directly to ground (high impedance grounding bank) 

d. To ground through resistance 


3. Harmonic analysis of power system wave shape with the neutrals 
of the wye-delta transformer banks at Saginaw and Alcona con- 
nected: 

a. Isolated 

b. To ground through Petersen coils 

¢. Directly to ground (high impedance grounding bank) 


Tests were made with the transmission lines 
operating at voltages from 70 to 140 kv with various 
Petersen coil taps, different values of neutral im- 
pedance, etc. 


ELECTRICAL CHARACTERISTICS OF TEST SYSTEMS 


The electrical characteristics of that portion of the 
system set apart as the Petersen coil system are 
shown in Fig. 2. It will be noted that this is a 
226-mile portion of the 140-kv network isolated from 
the remainder of the system through delta-delta 
transformer banks. During the staged tests this 
section was taken out of service and energized from 
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an independent power source located at Saginaw and 
consisting of either 1 or 2 20,000-kw turbine- 
generators. The majority of the transmission line 
conductors on this 226-mile portion consisted of 
110,000 cir-mil copper. All circuits except the 
Saginaw-Edenville line are of single circuit construc- 
tion arranged in triangular configuration without 
ground wires. 


Test EQuIPMENT SET-UP 


As it was desired to make measurements at a 
number of points on the system, the set-up of re- 
cording equipment was necessarily quite complicated. 
Because quantities to be measured were likely to 
vary rapidly with time, and as fault conditions were 
to be of very short duration, practically all records 
were made by means of oscillographs operating at 
reasonably high film speed, supplemented in a few 
cases by recording ammeters. 

At Alcona no potential transformers were available 
for the measurement of 140-kv line-to-ground poten- 
tials. Use was therefore made of 50-ft water hose 
potentiometers similar to those previously used with 
entire satisfaction on similar test work.* At all other 
locations measurements were made through conven- 
tional current and potential transformers. 

The test schedule required the use of a neutral 
grounding resistor and a fault resistor to be used in 
simulating a fault to a tower of high footing resist- 
ance or other condition in which considerable re- 
sistance was present in the fault-current circuit. 
These requirements necessitated the use of a resist- 
ance varying from 100 to 1,000 ohms and capable of 
carrying as high as 800 amp. The device used for 
this purpose consisted of 2 inverted U-shaped sec- 
tions of 4-in. sluicing hose through which brine was 
circulated rapidly by a centrifugal pump. Varying 
the concentration of the brine made possible a selec- 
tion of any required value of resistance. 

The large number of fault tests made necessary a 
scheme of fault initiation which would be safe to 
operate, rapid and reliable in operation, and of such 
a nature that faults could be synchronized accurately 
with the oscillographs. All faults were initiated 
with a test frame shown in Fig. 3. As may be seen, 
this consisted of a horn gap, one side of which was 
‘connected to one of the line conductors to be 
grounded and the other side was connected through 
a disconnecting switch to ground. Across this horn 
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gap was placed a 2-amp fuse wire when arcing faults 
were required, and a copper jumper when a solid 
fault was required. With the disconnecting switch 
open, the system was free of grounds and operated 
normally. At a given signal, rung over telephone 
lines, all oscillographs were started and at the test 
frame, a trap was sprung, permitting a weight to 
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switch through a slack rope and after about 0.5-sec 
time delay, tightened up the rope and snapped the 
disconnecting switch shut very quickly, grounding 
the line. Because of its high speed of closing, the 
disconnecting switch was undamaged by several 
hundred operations in which fault current was as 
high as 400 amp. 


PETERSEN Coit TESTS 


The reactance tap at which the Petersen coils tune 
with the system capacitance was determined by 
calculations and by tests under both normal condi- 
tions and fault conditions. Ammeter tuning tests, 
fault tuning tests, and tests to determine the effect 
of corona are described in the following sections. 


AMMETER TUNING TESTS 


In Fig. 1(a) is represented a simple transmission 
system with its neutral grounded at one point 
through an inductance, and in Fig. 1(c) is shown 
the equivalent single-phase circuit to ground of this 
same system. In any polyphase system there is 
always some residual voltage to ground due to dis- 
symmetry between phases and to ground. The 
voltage H, in Fig. 1(c) represents this unbalanced 
voltage and with perfect tuning the current in the 
series circuit due to this voltage would be a maxi- 
mum. In other words, when the inductance of the 
Petersen coil plus that of the grounding bank is 
tuned with the system capacitance to ground, the 
current in the neutral circuit will be a maximum 
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and will be limited only by the resistive losses in the 
circuit.® 

These facts were used in the ammeter method to 
determine the tuned tap with the system in normal 
conditions by noting the magnitude of the neutral 
current when the coil was operated on various tap 
positions. With the Saginaw coil connected to the 
Flint-Edenville lines (sections H and I in Fig. 2) 
the tuning was relatively sharp at tap 3 with a 
neutral current of 4.6 amp. The neutral current 
was much steadier when the test system was syn- 
chronized with the remainder of the system than 
when it was operated isolated, possibly due to some- 
what closer control of frequency. With the Alcona 
coil connected to the lines north of Saginaw (sections 
A to G, inclusive) the tuning was broad, between taps 
8 and 9, which is close to the minimum value of coil 
reactance obtainable. With the Mio section of line 
off, the tuning point was tap 6 with a neutral current 
of approximately 7 amp. 


FAULT TUNING TESTS 


Fault tuning tests were made by placing a solid 
fault-to-ground on one of the conductors with the 


Petersen coils on one tap position and measuring’ 


the current in the fault. The fault was then cleared 
manually, the Petersen coils set on a different tap 
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Eng = neutral-to-ground voltage 

Eic, Eoc, Esa = Jine-to-ground voltages at fault (Eig = 0) 
Er = residual voltage to ground = Eig + Esa + Esa 

lc = charging current to ground from sound phases 2 and 3 
Icon = equivalent leakage current to ground due to corona 
ons lsg = resultant line-to-ground current from phases 2 
and 3 

lpx = inductive component of Petersen coil current 

lpR = resistive component of Petersen coil current 

lp = Petersen coil current, ground to neutral 

ly = fault current 


and the test repeated. The coils were considered to 
be “‘in tune” when the fault current was a minimum. 
Curve 1 of Fig. 4(a) shows the results of tuning tests 
made at 140 kv with the Saginaw coil connected to 
the Flint H-8 and the Edenville lines. In this curve 
the variation of fault current is shown as a function 
of the equivalent neutral reactance. This equiva- 
lent neutral reactance is equal to the reactance of the 
Petersen coil plus one-third of the transformer re- 
actance and is thus equal to one-third of the zero 
sequence reactance. This curve shows the Saginaw 
coil to be in tune at 1,230 ohms (tap 3) with a fault 
current of 21 amp. The Alcona coil, with the 
Au Sable section of line, tuned at 623 ohms (tap 8) 
with a fault current of 31 amp at 140 kv. The 
entire 226-mile test section was in tune with the 
Alcona coil on tap 8 and the Saginaw coil on tap 4. 
Under these conditions the fault current varied from 
40 to 50 amp during different tests. 

Tests were also made to determine the effect of 
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different fault locations on the coil tuning. It was 
found that a change in fault location caused no 
definite change in tuning with operating voltages 
ranging from 70 to 140 kv. The tuning of the coil 
was the same regardless of which conductor was 
faulted. It also was found that the results were 
practically the same irrespective of whether or not 
the test system was synchronized with the remainder 
of the system through delta-delta transformer banks 
at Saginaw. However, with the system synchro- 
nized, the fault current contained a number of har- 
monics, particularly the third, fifth, and seventh. 


EFFECT OF CORONA 
It may be seen from the above that although the 


changing of the coil taps caused a change in the 
magnitude of the fault current, the minimum value 


‘of fault current obtainable on the 226-mile system 


was surprisingly high in value. In order to deter- 
mine the cause of this high current, tests were made 
at various operating voltages ranging from 70. to 
140 kv line-to-line. In Fig. 4(b) is shown the mini- 
mum values of fault current obtained with the entire 
test system operating at these voltages and with the 
coils operating on the tuned taps. This curve 
shows that the fault current was not directly pro- 
portional to the voltage, but rather varied as some 
higher power of the voltage and suggests that the 
difficulties encountered may be due to corona. The 
tuning curves for different coil operating taps were 
of the same general shape as those shown in Fig. 4(a). 
The wave shape of the fault current was in general 
more irregular for faults at 140 kv than at 70 kv, 
probably due to the presence of harmonics caused 
by corona at the higher voltages. The equivalent 
coil reactance required for the tuning at 140 kv was 
415 ohms as compared to 455 ohms at 70 kv, indi- 
cating that the system capacitance to ground was 
greater at the higher voltage. The results of these 
tests are further illustrated by Table II. 


Table II—Summary of Fault Tuning Tests, Saginaw and Alcona 


Coils 
Sag. Bus Tuned Fault 
Voltage Taps Current (I¢) Remarks 
140 kv....S3, A8...38-50 amp ...Tuning curve flat 
130 kv....S3, A8...31-36 amp ...Tuning curve flat 
120 kv....S3, A8...24-27 amp 
70 kv....S1, A8...Approx. 2 amp...Tuning curve sharper than at 140 kv 


The critical corona voltage on a 110,000-cir-mil 
3-phase line is of the order of 125 kv rms line-to- 
line with the system operating normal, and about 
100 kv with one conductor grounded. <A consider- 
able amount of corona might therefore be expected 
under line-to-ground fault conditions at 140 kv and 
would be evidenced as fault current since the in- 
phase component of corona current to ground adds 
directly to the resistive losses in the circuit. That 
this uncompensated current is produced by some 
form of system loss is further substantiated by the 
fact that the fault current to ground (—J,) was found 


67 


to be practically in phase with the residual voltage 
as illustrated by Fig. 5. As a further check on this 
possibility, tests at various voltages were made, 
using the Saginaw-Flint K-11 and L-12 lines in 
place of the Flint H-8 and Edenville lines with the 
Saginaw coil. The K-11 and L-12 lines comprise a 
twin circuit line of No. 000 copper conductors with 
one ground wire and have a total circuit length of 
87.6 miles. These lines, with their larger conductors, 
consequently have less corona loss than the Flint 
H-8 and Edenville lines. The curves of Fig. 4(a) 
show the variations of fault current with tap setting 
and voltage as determined by graphic ammeter 
records and checked by oscillograms. It may be 
seen that the effect of a change in wire size was much 
more pronounced at 140 kv than at the lower volt- 
ages. The K-11 and L-12 lines have a slightly 
greater total circuit length than the other pair of 
lines, but the expected increase in capacitance due 
to this was apparently more than offset by the de- 
crease in capacitance resulting from the K-11 and 
L-12 lines being on the same towers. The K-11 
and L-12 lines tuned on tap 2 with a much lower 
value of fault current, particularly at the higher 
voltages than the Flint H-8 and Edenville lines. 
The effect of varying voltage or wire size, the phase 
relation between fault current and residual voltage 
and calculations of critical corona voltage all in- 
dicated that the high values of fault current were 
the result of excessive corona loss under fault condi- 
tions. 


TESTS WITH 
SysTEM NEUTRAL ISOLATED, OR GROUNDED 


A number of single-line-to-ground fault studies 
were made on the test system with the neutral 
isolated or grounded by means of a grounding bank, 
directly or through resistance. Part of these tests 
were made to compare the performance with that 
observed with the Petersen coils in operation; some 
were made to study other problems, taking advan- 
tage of the conveniences of the Petersen coil test set- 
up. The transformer bank used in the “grounding 
bank”’ tests had a relatively high impedance (76 + 
j638 ohms) and this test condition therefore cannot 
be termed solidly grounded even though the neutral 
of the bank was directly grounded. In all these 
tests, conditions were somewhat abnormal in that 
the amount of generating capacity and transformer 
capacity as compared to the length of the test system 
was only approximately one-half normal, and at 
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the instant of fault the generators were operating at 
practically no load and with very low values of ex- 
citation. Table III shows a comparison of the 
performance of this system with the various forms of 
neutral connections. The simplified system con- 
nections and the vector relations for the isolated 
and grounded neutral conditions are illustrated by 
Fig. 6 and Fig. 7, respectively. 

During the isolated neutral tests at 140 kv the 
fault currents ranged from 355 to 455 amp with zero 
ohm faults. These currents were considerably higher 
in magnitude than had been indicated by preliminary 
calculations, which neglected corona _ currents. 
Moreover, in the isolated neutral tests, abnormal 
generator conditions (described above) became par- 
ticularly important because of the large amount of 
charging current to ground which appeared as a 
capacitive load on the generators, tending to in- 
crease the excitation during faults. While this was 
somewhat counteracted by the eventual reduction 
in speed due to the large unbalanced load, the 
generator voltage rose considerably during the 
early period of faults. It therefore may be con- 
cluded that the increase in fault current over what 
might normally be expected was evidently due 
largely to corona on the unfaulted conductors and 
to the increased charging current to ground, both of 
which were materially affected by the high voltage 
between the unfaulted conductors and ground. 

The grounding tests were made with the neutral 
of the 9,000-kva wye-delta transformer bank at 
Saginaw grounded either solidly or through resist- — 
ance ranging from 100 to approximately 1,000 ohms. 
This bank was originally designed for 30-cycle 
operation and its impedance was therefore rela- 
tively high at 60 cycles. The bank when solidly 
grounded tended to act similarly to a Petersen coil 
approximately 50 per cent out of tune. During 
the neutral resistance tests the bank was connected 
first with the high voltage windings in series (Z = 
76 + j638) and then in parallel (Z = 30 + 7159). 
It was rather striking to note that the residual voltage 
and fault current increased while the neutral current 
decreased with increasing neutral resistance, con- 
trary to what might at first be surmised. These 
results were due to the effect of the transmission 
line capacitance to ground on the total circuit 
impedance. The zero sequence capacitive impedance 
of the test system acted in parallel with the equiva- 
lent impedance of the grounding bank and neutral 
resistance in limiting the fault current, and with 
neutral resistances above approximately 160 ohms 
the system capacitance became controlling. The 


Fig. 7. Grounded neutral 
system showing (a) system 
connections, and (b) vector 
relations 


LINE-GROUND FAULT 
ON CONDUCTOR 1 


Symbols same as shown for Fig. 5 


except as follows: “Ine, 


23 . aa E ot 
ly = current in neutral = lon a Nee : : ERE W-Le=-(logtla¢) 
lc = charging current to ground i RY ZN l= In“ (leet lac) 
from sound phases 2 and 3 assum- Fen ee 
ing corona current negligible (b) 
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Table IlI—Comparative Typical Values of Currents and Voltages for Solid Low Resistance Faults at 140 Kv 


=<——— 


A Current in Maximum 
Pees aera Fault Neutral (Amp) Saginaw Line-Ground 
(Ohms) (Oh ye anren 4 Residual Voltage Voltage Shock to 
ms (Amp) Saginaw Alcona (Kv) (Times Normal?) Power System 
Petersen coil tests Slight 
Oem eadeecatets 20=50 Pee areata ¢ : 
Peed tira ieee 30=60 tenet ie TZ0=1305 Seen 250290 5 os shapes «ee 2.0 (2.7) A cca 
SOO-A DOME ae wee a sieio ; 
Servite ia, — = ae ea cc coro Connor nee rane BOO-41Ov Ae ees 2.9 (8.5) ane 
DB GQ S eer xo cis icine Se aes 110—120s eee 180-200 2 
Neutral resistance (high voltage windings in series) = §. |} = © coger ria a aes aD Severe 
1602 1Seeeee RYE cen ones TAO SLOO ne ten ae Sepia ee che 1.6 
BY Re Se PAB eae SOO ny aes 1702180 Yeeee: teh RC | oR. Senne, eRe ae Tarn MIRE GE 1.9 
545 + 5213........., Ones ees DE ey Ec. ene eR ee Mi TC Ae 2.1 
Neutral resistance (high voltage windings in parallel, power suplied by2 generators). = belgiinee rr Ma «0s Rn ies Severe 
110 + 553 > OA A OO; Ru vskerstoe ars 290 aie corte 25013 wed. 6h BER on ere eR teen DADS Neat cigs 1.3 
380 + I53 Sh oh lane) sian SHO eevee tahoe DLO acer oe TOO sok. choca nthe ae eee eee ZOO ee arak cme 1.9 
830-53 fee cee: S20 Me octocns SLO tcc LID E se. Sey eee See ee ZOO gk cera 2.3 
LOMOT 753 weiner ie NOOO; meen. SOM we es LOO: (ee een ee eee GAG bees = Fasens 2.4 


|. Value of neutral impedance given includes impedance of grounding bank and is expressed as one-third of the ‘‘per phase”’ value. 


) 
»btained during arcing faults. 


Values in parentheses are based on surge recorder records, others on oscillograms. 


Table IV—Relative Magnitudes of Induced Voltages 


———— 


Beutra loisolaced a-rrcaniie ctatieutne hee cae sae oes ios cheba ob Ree 1.0 
AEST ies Miter te, Get cee SAE AC Oe ree eee 0.4 
Bicubimpedance.crounding banksy cssie tess cesar fas lot cine co Gdcin deve wou 9.7 
SERRA CRESTS AVEO 3s a an) A tee oe Ti en 1.4 


resultant zero sequence impedance then had a ca- 
pacitive reactance component which was neutralized 
to some extent by the inductive reactances of the 
positive and negative sequence impedances. 

One of the most interesting features of the com- 
parative tests was the observation of shock to the 
penerators at the time of faults. With the Petersen 
coils in service there is practically no discernible 
effect. The severity of the shock was greatest 
when the neutral was isolated and somewhat less 
when the neutral of the grounding bank was grounded 
through a resistance. 


BEHAVIOR OF ARCS 


It may be observed from Table III that with the 
Petersen coils in service the fault current was very 
much less than with the system neutral isolated or 
srounded. Obviously, an arcing fault on this 
Petersen coil system, because of its lower current, 
would be much less damaging to insulators, line con- 
ductors, and hardware, than would a similar fault 
on the other types of systems. A few tests were 
made with the system neutral isolated, grounded 
or connected to the Petersen coils to study experi- 
mentally the effect of circuit characteristics on the 


tendency of the arc to be self-extinguishing. Al- * 


though the number of tests was too limited for 
definite conclusions, the tendency seemed to be 
for arcs of low current value to be less stable than 
those of higher value. 


[INDUCTIVE INFLUENCE TESTS 


The toll circuits of the Michigan Bell Telephone 
Sompany parallel the Saginaw-Emery Junction- 
Foote 140-kv transmission lines north of Saginaw 
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2. Times normal is equal to the maximum observed crest value divided by the normal crest value prior to the fault. Some of the maximum voltages listed were 


for considerable distances at various separations, 
ranging from 65 ft to approximately 3 miles. Har- 
monic analyses and ineasurements of induced volt- 
ages and noise were made on the toll circuits in 
conjunction with the tests on the power system. 
The relative magnitudes of the low frequency volt- 
ages induced during the different power system 
operating conditions are given in Table IV for faults 
at Alcona. These relative values of induced volt- 
ages would be altered, of course, for other situa- 
tions according to the separation between the cir- 
cuits, fault location, etc. For convenience in com- 
paring the values, the induced potential with the 
system neutral isolated has been used as a reference. 

The higher induced voltage for the neutral re- 
sistance condition is explained by the increased 
fault current over that for the grounding bank 
condition. This increase is due to the capacitive 
nature of the zero sequence impedance which is 
coinparable in magnitude with other reactive im- 
pedances of the circuit. 

The results of the harmonic analyses showed 
that under normal operating conditions the har- 
monic content of voltages to ground, residual to 
ground and neutral current of the power system, was 
practically the same for the various neutral connec- 
tions. The most prominent frequencies observed 
were 180, 300, and 420 cycles. The noise observed 
on the telephone circuits was about equal for the 
various neutral connections. 


OVERVOLTAGE CONDITIONS 


As a part of this investigation a study was made 
of the voltages produced on the line conductors by 
various types of faults under different system condi- 
tions. Table V shows the maximum voltage be- 
tween conductor and ground recorded by the 
oscillographs at the time of faults of the type in- 
dicated. As may be noted voltages on the isolated 
neutral system were the highest of the group, volt- 
ages on the Petersen coil system next, and those 
of the resistance or solidly grounded system were 
lowest. 
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Fig. 8. Oscillogram of solid fault to ground with 
isolated neutral system 


Table V—Conductor to Ground Voltages (Times Normal) 


Oscillographic Record Surge Recorder Record 


Type of System Solid Fault Arcing Fault Solid Fault Arcing Fault 
Petersen coil.......... DOE iste ete Di Dati. ee Ded eduag heen itess 2).2 
Isolated neutral........2.9.. QB norte tear Se pee rime S 3.5 
Grounding bank....... 1 yy ee NOitests = weno 20% Sees No tests 
Neutral resistance......2.4.. Draw hehe slat PRS Ace 2.5 


It is of interest to note that voltages resulting 
from arcing faults are of the same magnitude as 
those resulting from solid faults and that in no case 
did they exceed 3.5 times normal (2.9 times normal 
by oscillograms). In all the tests made, either 
with solid or arcing faults, the voltage between 
sound conductors and ground was predominately 
60 cycles, sometimes with some third or fifth har- 
monics superposed. (See Figs. 8 and 9.) In no 
case was there evidence of cumulative overvoltages 
due to restriking of the arc. These data, with other 
information previously presented,* seem to dis- 
credit the many theories based upon arc extinction 
which have been proposed regarding arcing ground 
faults and which, on isolated neutral systems, 
predicted overvoltages of as high as 7 times normal. 
All these theories have required that the are break 
and restrike at certain parts of the cycle, resulting 
in an accumulation of voltage which according 
to certain theories had high frequency characteris- 
tics. 


CLEARING OF PERMANENT GROUND FAULTS 


Petersen coils can, of course, be effective as re- 
gards the extinction of arcs only in case of faults 
which are of a momentary nature, such as flash- 
overs. Other faults, such as exist when conductors 
lie in contact with ground, are of a permanent nature 
and cannot be cleared by Petersen coil operation. 
In such cases the line involved must be deénergized 
by circuit breaker operation, either manually or 
automatically by protective relays. Directional 
ground relays, such as are commonly used for trans- 
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Fig. 9. Oscillogram of arcing fault with isolated 
neutral system 


mission line protection, depend for their operation 
upon the magnitude and phase relations of the cur- 
rents and voltages existing during fault conditions. 
A study of these quantities as determined during the 
staged tests indicates that with permanent faults 
it would be very difficult, if not impossible, to ob- 
tain proper relay selectivity with the Petersen coils 
in service. The most feasible means of clearing such 
faults when they have developed appears to be to 
short out the coil by a suitable relay, thus effectively 
grounding the system, and then to select the faulted 
circuit by the use of ordinary ground relays. Numer- 
ous complications are involved in the application of 
such a relaying scheme to a network where several 
coils are installed at widely separated localities. 
Studies have indicated that practicable solutions to 
this problem may be effected by one or more meth- 
ods. 


PETERSEN CoIL SYSTEM OPERATING RECORD 


Following the staged tests, the Petersen coils were 
put into regular operation on the system on August 
27, 1931, and remained in service until October 17, 
1951, when their operation was discontinued be- 
cause no more serious lightning storms were an- 
ticipated that year. The coils were again put in 
service on February 13, 1932, and have been in 
continuous service during the remainder of 1932 
and all of 1933. In 1933, one more line between 
Saginaw River Steam Plant and Flint was added to 
the Petersen coil system, increasing the total length 
of lines connected to 276 circuit miles. During the 
entire time the coils have been in operation, their 
performance has been recorded by a 6-element 
automatic oscillograph and 2 high-speed curve- 
drawing ammeters. The ammeters, one located at 
Saginaw and one at Alcona, record the current 
through the respective coils. The automatic os- 
cillograph, located at Saginaw, records the voltages 
of the X, Y, and Z conductors with respect to ground, 
residual voltage, Petersen coil current, and residual 
current in the H-8 line north of Saginaw. From 
these instruments it has been possible to get a very 
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complete story of the nature of the faults, their 
duration, the nature of the transient at the time 
the fault is cleared, and other important information. 

Table VI gives a summary of the performance of 
the Petersen coil system for its entire period of 
operation up to the end of August, 1933. As may 
be seen, practically every single-line-to-ground fault 
has been eliminated without circuit breaker opera- 
tion and subsequent outages to the lines. As line 
to line faults are unaffected by the Petersen coils, 
faults of this nature in most cases required breaker 
operation for their elimination. 

The length of time required for ground faults to 
clear themselves is shown by Fig. 10. From this 
curve it may be seen that 50 per cent of all ground 
faults cleared in less than 20 cycles and 70 per cent 
cleared in less than 60 cycles. The maximum length 
of time required for a fault to clear was 14 sec. 
The location of this 14-sec fault was definitely deter- 
mined and the damage to insulators and line hard- 
ware found to be insignificant, indicating that 
arcs constituting ground faults on this Petersen coil 
system are not very damaging in effect. Up to 
date (August 31, 1933), only one record has been 
obtained indicating that a fault which started as a 
ground fault developed into a short circuit before 
being cleared. . As indicated in Fig. 10 a large 
number of ground faults have been entirely elimi- 
nated in less than 5 cycles. That the rapid elimina- 
tion of the faults is a characteristic of the Petersen 
coil system is evidenced by the fact that automatic 
oscillographic records taken on the balance of the 
Consumers Power Company’s 140-kv system operat- 
ing with isolated neutral (length approximately 
600 miles, ground fault current approximately 900 
amp) show no faults clearing in less than the time 


Fig. 10. Percent- 
age of ground 
faults self-cleared 
in various lengths 
of time. _ Total 


number of faults 
52 


PER CENT 


0 1 2 3 4 5 6 7 8 
TIME FROM START OF FAULT (SEC) 


Fig. 11. Oscillogram of typical ground fault 


|, = residual current in Saginaw-Emery Junction line 
lp = Petersen coil current 

Er = residual voltage to ground 

Exa, Eva, Eza = line-to-ground voltage 
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required for relaying and breaker operation. The 
limited value of fault current on the Petersen coil 
system possibly prevents the establishment of even a 
semi-stable arc in a large percentage of the cases. 
An oscillographic record of a typical ground fault 
is shown in Fig. 11. It may be noted that during 
the period of this fault, the voltage waves were very 
little distorted from sine waves with the exception 
of that on the faulted conductor, which was the 
voltage of the arc. At the start of the fault, the 
sound conductor voltages rose to line-to-line volt- 
age with no evidence of excessive magnitudes due 
to arcing grounds. (The maximum voltage recorded 
by the oscillograph since the coils went into opera- 
tion is 2.8 times normal.) As the arc was increased 
in length by the wind, the faulted conductor voltage 
rose gradually while the sound conductor voltages 
decreased accordingly. When. the arc was ex- 
tinguished, all voltages returned to normal within 
a few cycles without any unusual behavior. On a 
few oscillograms, restriking of the arc has been 
indicated. Faulted conductor voltage rose to al- 
most normal value, apparently as the arc was 
increased in length by the wind and voltage values 
approached normal. Then as the arc restruck, 
and its length substantially decreased, voltage 
conditions again became characteristic of line to 


Table VI—Summary of Petersen Coil Operation 


1931, 1932, 1933, 
Aug.27-— Feb.13- Jan. 1- 
Oct. 17 Dec. 31 Aug. 31 Total 


Cause of Faults 


Lightning \Asttehinccchin ncumdehy tee biscd ae Lene, PY ete AGin pew 85 
Sleet QEG Setiaiet sass ansdeuscays:5 she aera: eee eee ote tere Ones Sian Oi Ree 3 
Unknown and other causes.... tes 2 Negras VOseterre 13 
Lotal diseases eerste ae bietosua ain mibebarey LS retease SQ are: 56:4: Ares 101 
Type of Fault and Method of Clearing 
Line to ground faultsii.) a ctace ee eee OFS 1Gseshe SL ere 53 
Self-clearing, no line interruption....... Bin cee Ga aaa SON sere as 51 
Cleared by breaker operation........... l1...... OJ De aeaee 2 
Short:circmtts) fone: onae Cane ee tae Ds eens GO. ue 16 
Self-clearing, no line interruption....... Oey n: Teh ont LO Rerostierc nl 
Cleared by breaker operation........... 1l...... Soe Ge 6 15. 
Faults which could not be definitel 
classified’ as;tomattire® 71.300". sso. (Olona - saree 19) 25 eee 32 
Self-clearing, no line interruption....... (eas, aS Anke 15. dae oe 
Cleared by breaker operation........... Pee otro hy IAS 4 eee 9 
Per cent of ali faults cleared without 
interruption to'line <0 0. Wats se es ae G9Rn48 68a... ats SO ace 74 


1. Line failure, insulator string parted 

2. Developed into a short-circuit 

3. Includes faults which because of lack of oscillograms or difficulty of inter- 
pretation could not be definitely classified as short circuits or ground faults 


Fig. 12. Oscillogram of recurring fault 


Symbols same as shown for Fig. 11 


ground faults. The transition between these 2 
conditions occurred without abnormal voltage on 
any of the conductors, although irregular waves of 
moderate value were recorded in the record of 
Petersen coil current and residual current. 

A type of fault which has been recorded in a few 
cases is shown in Fig. 12. This oscillogram indicates 
that a ground fault on the X conductor was cleared 
in less than 5 cycles. Normal conditions were 
established on the system, but at the end of 17 
cycles the fault recurred on the X conductor and 
was again cleared after 9-cycles duration. Faults 
of this type have a similarity in that the second dis- 
turbance began within 30 cycles of the start of the 
first and affected the same conductor, with no 
evidence of overvoltage being recorded by the 
oscillograph. It has been suggested that these 
repeating faults have been caused by multiple strokes 
of lightning, the first stroke establishing a fault 
which was quickly cleared, only to be followed by 
another established by a second stroke of lightning, 
possibly at the same tower. That multiple strokes 
of lightning going to earth at the same point are 
rather common in occurrence has been well es- 
tablished by pictures made with revolving cameras.° 


CONCLUSIONS 


The following conclusions may be drawn from 
the results of the staged tests and the subsequent 
operating experience: 


1. The shock to the system during line to ground faults is very 
small with the Petersen coils in service, being considerably less than 
with the neutral either isolated or grounded through a high im- 
pedance grounding bank. 


2. The ground fault current with the Petersen coils in service is 
relatively small. 


8. The tuning of the Petersen coils for a given system may be 
determined either by calculations, by ammeter tuning, or by fault 
tuning. The operation of the coils when in tune was not affected 
by the location of the fault or by the particular conductor selected 
for the fault. 


4. Successful operation of the coils as regards are extinction 
requires that the uncompensated fault current be kept to a moder- 
ately low value, probably less than 50 amp. The magnitude of 
the fault current is vitally affected by the length of the connected 
system and the amount of leakage current to ground, including 
corona. It is very important that the line conductor sizes and the 
transmission voltage be properly correlated so that the corona 
current will not be excessive during fault conditions. 


5. The maximum overvoltages recorded during the staged tests 
were approximately 3 times normal. In no case were there any 
excessive voltages attributable to arcing grounds, resonance between 
the Petersen coils and the line capacitance, or to any other causes. 
The voltage conditions during arcing and solid fault conditions were 
practically identical. 


6. The clearing of permanent line to ground faults by automatic 
relay operation involves certain complications on a Petersen coil 
system, but it appears that these may be taken care of in a practical 
manner. 


7. Operating experience on the 276-mile section of this system has 
demonstrated that the Petersen coils successfully eliminate a large 
percentage of interruptions due to line to ground faults. In 96 
per cent of the cases of ground faults (74 per cent of all faults) the 
are has been extinguished and the fault cleared without line inter- 
ruptions. 


8. Faults of the current magnitude experienced in this section 
(approximately 50 amp or less) require various lengths of time for 
extinction. Some apparently do not develop into a stable condi- 
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tion and are extinguished within a very few cycles, while other: 
continue for several seconds. The local arc damage has been foune 


to be insignificant. 

9. The Petersen coils do not affect or handicap the normal routine 
operation of the system, except to require change of tap settings 
with changes in length of connected transmission lines. 
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Appendix 


The design characteristics of a ground fault compensating coil 
and the effect of such a coil on the magnitude and distribution of 
current under fault conditions, as compared to operating with the 
neutral isolated or grounded, may be determined analytically from 
a knowledge of the electrical characteristics of the transmission 
system. 


PRINCIPLES OF GROUND FAULT COMPENSATION 


It has been previously explained in this paper that a ground fault 
compensating coil consists of an inductance ZL which is designed to 
be connected in the neutral circuit of a system and tuned with the 
capacitance to ground Cg of the transmission circuits so that: 


I, = Icg and, neglecting losses 
Ip = zero 


To accomplish this compensation of the ground fault current, the 
inductance L of a Petersen coil together with its associated trans- 
former bank, and the capacitance to ground of the system, must be 
such that: 


1 
Peg AE d 
af. oe f ge an 
inductance ZL = eae henries, and 
(2rf)2Cg : 
inducti t. XG : h 1 
inductive reactance SS 
n = oefCs ohms (1) 
where 
Ce = zero sequence capacitance to ground of transmission 
system with one conductor grounded (farads) 
fe = frequency 
Tog = charging current to ground through capacitance Cg 
(amp) 
My = current to ground through inductance LZ (amp) 
Ip = fault current (amp) 
JE, = zero sequence inductance of coil and transformer bank 
(henries) 
Xce = zero sequence capacitive reactance to ground of trans- 
mission system (ohms) 
xX 4 = zero sequence inductive reactance of coil and transformer 
bank (ohms) 
A = inductive reactance of coil and transformer bank to 
residuals (ohms) 
X Coit = inductive reactance of coil alone (ohms) 
X Trans. = inductive reactance of associated transformer bank 
(ohms) 


With a Petersen coil connected in the neutral of a wye-delta 
transformer bank and considering the zero sequence network: 


Zero sequence reactance X; = 3X cou + X cranes. (2) 
Viewed from the standpoint of reactance to residuals then: 
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cesidual reactance X’p = X cou + X 7yansz./3 (3) 
Oy, SBRCh (4) 


In considering the application of such compensating coils to a 
ystem, the maximum and minimum lengths of line which are to be 
ontrolled by a single coil must first be decided. Then, after 
letermining the capacitance to ground or the charging current to 
round of these line sections, the inductance of the coil may be 
ound. Knowing the wire size, configuration, spacing, height of 
onductors above ground, number of ground wires, etc., of the 
ransmission lines, the capacitance between wires and ground may 
ye determined by the formulas given by Clem? or by the method 
lescribed in the article ‘‘Protection Against Earth Faults.’’8 


[TYPICAL EXAMPLE 


For example, consider that it is desired to apply a Petersen coil 
o a 132-kv transmission system where the total length of line 
ections for a single coil will be between 75 and 150 miles and where 
he transmission line sections will consist of single circuit lines on 
steel towers with one ground wire, the conductors 3/0 copper with 
in equivalent.spacing of 15 ft and at an average height of 40 ft 
uibove ground. The calculated zero sequence capacitance to 
sround Cg will be found to be 0.008 uf per mile 


Capacitive reactance Xogq = onfCe ohms (5) 
Xx eee 330,000 mile-oh 
ce = (5)60(0.008) ~ pprox. 3 mile-ohms (zero sequence) 
: En 
Charging current Jog = =— amp (6) 
Xcee 
3 (76,200) ; 
= SSS = O69 1 
loa = “330,000 PES 


Now assume further that the wye-delta connected transformer 
bank to be used with the coil is rated 132—13.2 kv, 15,000 kva and 
has an impedance of 200 ohms at 1382 kv. The coil characteristics 
may then be determined as follows: 


75 mile 150 mile 
Xr, = Xcq by 4,400 ohms 2,200 ohms 
eq 1 (330,000/75) (330,000/150) 
X coi, by eq 2 1,400 ohms 666 ohms 


(4,400-= 3X con +200) (2,200 = 3X con + 200) 


Maximum coil 
Current [cox 
= Ey/X', 
Voltage across 
coil = (coin) 
(X coit) 


A Petersen coil to be used in the neutral under such conditions 
therefore must have a reactance ranging from 666 to 1,400 ohms. 
The selection of coil taps or steps between these maximum and 
minimum reactance values will be governed by the intermediate 
lengths of line sections for which the coil is to tune. 

A rough approximation of the required coil reactance may be 
obtained from the magnitude of the normal charging current to 
ground of the system on the assumption that the fault current is 
approximately equal to the charging current to ground under fault 
conditions. The current under fault conditions and neglecting 
corona, will be approximately 1.5 times the normal charging current 
to ground.® 


52 amps 
(76,200/(1,400 + 66) ] 


105 amps 
[76,200/(666 + 66) ] 


72.8 kv 
(52 X 1,400) 


69.4 kv 
(104 X 666) 


3En 


oh 7 
(line length) (1.5) (normal Ice) ove (7) 


Thus Xz, (approx.) = 


For example the previously cited: 


3(76,200) 
a4 0lohins by. eq) (and 
» ™ (150) 1.5 (0.69) 
XCoil = eee = 424 ohms by eq 2 for the 150-mile section 
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CALCULATION OF FAULT CURRENT 


Following the staged tests it was desired to study the magnitude 
and distribution of fault current analytically for the various oper- 
ating conditions. The symmetrical component method of circuit 
analysis lent itself readily to this type of problem.!° The following 
assumptions were made in connection with these calculations, based 
upon the experimental data obtained during the tests: 


1. The capacitive reactance to ground Xcc of the Petersen coii system is equal 
in magnitude to the inductive reactance Xy of the Petersen coils together with 


their associated transforimer banks, with the coils in tune (minimum fault 
current). 


2. The fault current present on the Petersen coil system with a solid low 
resistance ground is due entirely to corona, neglecting other losses. 


3. The corona voltage limit is exceeded by practically the same amount regard- 
less of the fault location or the Petersen coil operating tap (within reasonable 
limits), i.e., the voltage to ground on the sound phases is unaffected by fault 
location or operating tap. 

The calculation of the current during single-line-to-ground faults 
with Petersen coil or isolated neutral system necessitated considera- 
tion of a method for evaluating the component of the fault current 
due to the corona current to ground, i.e., a simple circuit representa- 
tion which would simulate the effect of corona. The equivalent 
leakage resistance to ground representing corona was determined 
from the measured fault current by neglecting the positive and 
negative sequence impedances as follows: 


Er 


: 22 ohms 8 
Leakage resistance Rg Tene (8) 
where 

Ep = residual voltage = (8Ey) volts 

Ip = fault current amp 

6 = phase angle between fault current —Jp and residual voltage 


ER 


This method is not strictly true since it neglects the effect of other 
resistance in the circuit. However, it was found sufficiently accurate 
for this purpose. This leakage resistance for use in the equivalent 
zero sequence network has been considered to be in parallel with the 
capacitive reactance to ground of the system. 

The specific values of circuit constants used in the analytical study 
are shown in Table VII. 


SOLUTION OF NETWORKS 


The procedure followed in analyzing the Petersen coil, isolated 
neutral, etc., systems, was to set up the positive, negative, and zero 
sequence networks in ohms on a common voltage base and then to 
solve these networks in the customary manner!®, Starting at the 
most remote points the impedances were combined up to the point 
of fault using delta-wye transformations where necessary. In the 
zero sequence network it was recognized that the capacitances to 


Table Vil—Summary of Test System Characteristics, One 


Conductor Grounded 
Petersen Isolated Directly Neutral 
Neutral Connection Coil Neutral Grounded Resistance 
Capacitance to ground 
Ce uf/mile/phase... 0.01 0.01 0.0088 0.01 
Capacitance reactance 
XcG mile-ohms...... 265,000... 265,000... 300,000 265,000 
Charging current Ic¢ 
ATM ps/ Tit lemme ees QO 2 Re eho starteeererent ne 0.81 0.92 


Leakage resistance 
due to corona RG 
mile-ohms/phase..... 1,370,000... 750,000. . .Considered zero... 1,370,000 


ground of the various line sections may be united at a common point 
(ground). After the positive, negative, and zero sequence im- 
pedances at the point of fault had been determined, the fault cur- 
rents were found by the following formula: 

A 8En 

LE Fear a7 eee Ray (9) 
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where 

En = normal line-neutral system voltage (volts) 
Ip = fault current (amp) 

Rr = fault resistance (ohms) 


Z;, Z2, Z) = positive, negative, and zero sequence impedances, re- 
spectively, at the point of fault (ohms) 


When the system is grounded by means of a Petersen coil the sum 
of the positive and negative sequence impedances (Z; + Z») is small 
compared with Z) and therefore it may be considered that: 


3Ey approx. amp. 


Zo 


Iz = cre) 


With the neutral of the system isolated the only path for the fault 
current was through the distributed admittance to ground of the 
transmission system. The current was therefore a maximum at the 
point of fault and decreased uniformly along each circuit away from 
the fault. The solution of the networks and the calculations of the 
fault current in this case were made similarly to those previously 
described, using the proper values for the circuit constants. The 
analysis of the sequence networks and the computations of fault 
current with the system neutral grounded directly by the trans- 
former bank at Saginaw were made in the manner customary for 
grounded neutral systems. : 

An example of the solution of the networks for a solid low re- 
sistance fault at Saginaw with the Petersen coil system may serve 
to make this procedure clear. The positive and negative sequence 
networks for this example are shown:in Fig. 2 and it will be noted 
that the positive and negative sequence impedances at the point 
of fault consist only of the Saginaw generator and the 45,000-kva 
transformer bank. The equivalent zero sequence network is illus- 
trated in Fig. 13. The zero sequence impedance of each circuit 
at the point of fault was found by combining the impedances (using 
complex notation) from the remote end in toward the Saginaw bus. 
These impedances were then combined as indicated in Table VIII. 

The solution of the network between Emery Junction, Loud, and 
Foote was accomplished by first transforming the series impedances 
of the lines from their delta connection to an equivalent wye. In 
a similar manner the delta mileage was transformed into an equiva- 
lent wye mileage and the mileage of each branch of the wye was 
then multiplied by the ratio of the total delta to the total wye 
mileage so as to make the total mileage of the wye equal to the 


Fig. 13. Equivalent zero 
sequence network for deter- 
mining impedance for fault 
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e 222 8 2020-j10,400 
& Sap 8 
oe sk iy T EMERY 
Za 8 JUNCTION 
i ee i 
z © 23+j798 


F 858-j4,440 
Impedances expressed in ohms on J 


140-kv base 

Equivalent corona leakage resist- 
ance = 1.37 X 108 mile-ohms per 
phase 

Capacitance to ground =[0.01uf 
per mile per phase 


SAGINAW 


86.7+j 3,700 


S PETERSON COIL 
PLUS TRANSFORMER 


ES 320 -}6810 
1244-j6,440 


MIO ALCONA LOUD COOKE JCT FOOTE 
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Fig. 14. Calculated values med ROSS 
of residual current distribu- eecae Ih oa 
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during 140-kv Petersen coil 
tests 
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original total mileage of the delta. The capacitive reactance and 
the leakage resistance per mile were divided by the corrected wye 
mileages and the resultant impedances considered concentrated at 
the mid-points of the wye branches of the series impedances. This 
was an approximation, but it was sufficiently accurate because the 
series impedances were small compared with the shunt impedances, 


DISTRIBUTION OF FAULT CURRENT 


The distribution of fault current in the various circuits was deter- 
mined by starting at the point of fault where the zero sequence 
impedance looking in each direction was known, and computing 
the currents in each branch at that point which add up to equal the 
total fault current. The product (fault current X total zero se- 
quence impedance looking in at the fault) equaled the product 
(residual current in each branch X zero sequence impedance of that 
branch looking at the point of fault). The zero sequence impedance 
at each point of discontinuity in the network had previously been 
computed and the currents in each of the other branches therefore 
could be readily determined. In Fig. 14 is shown the calculated 
distribution of residual current for a single-line-to-ground fault at 
Saginaw with the Petersen coils in tune. 
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Table VIll—Fault Current Calculations, Petersen Coil System, 
With Fault at Saginaw 


Petersen Coil 
System 


Section (Taps S4, A8) 


Positive Sequence Network 


0 + j146 ohms 
5.3 + 7 48 ohms 


Zi 5.3 + j194 ohms 


ll 


Negative Sequence Network 

Considers7 see Zina tee Aa ee i 
Zero Sequence Network 

Avg fault current Ip........ 


5.3 + j194 ohms 


Eiko ee eae 40 amp 
Leakage resistance RG (eq 8)................. 6,080 ohms 
Leakage resistance (6,080 X 226)............. 1,370,000 mile-ohms 
Saginaw coil & transf. residual react. X'y, (eq 3) 1,080 ohms 
Alcona coil & transf. residual react. X’,, (eq 3) 623 ohms 
Equiv. coil & transf. residual react. X’z (eq 3) 395 ohms 
1,180 ohms 


Equiv. coil & transf. Zero Seq. React. Xp (eq 4) 
Capacitancei@G:(eqil) ince ne enn ae 
Cap teact cc Gi(ed).)a eee eee 
Charging current Igg (€q:6) eee 

Mio line at Alcona 


0.01 pf/mile 
265,000 mile-ohms 
0.92 amp/mile 
2,480 — 712,800 ohms 
24.4 + jJ1,870 ohms 
309 + j2,710 ohms 


Alcona at wye tap 
Foote at wye tap 


er OS aS Pe a ce Ra hocks 2,230 — j11,500 ohms 
Alcona and Foote at wyetap................. 710 + j3,430 ohms | 
Aw Sable line at Saginaw..........-......... 8,280 — 72,370 ohms 
Edenville line"at Saginaw... ...ssueu eee 1,260 — j76,380 ohms 
Rlintiline-aticagitia wee eee eee 1,340 — j6,760 ohms 
Saginaw coil and transformer.............. ; 86 + 73,250 ohms } 
Total Zo at Saginaw..iid...9. 4. chess seh aeZo, = SISSON AF806 whens | 
Total Z = (Z1 + Z2 + Zo).......: fen he a Z = 5,590 — j218 ohms 
Fault current igs (€q10)eee anne eee 43.4 24 deg amp 
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An Experimental 
Ignitron Rectifier 


Experiments aimed at the elimination of the 
backfire tendency of arc-rectifiers have led 
to a device termed the ‘“‘ignitron.” 
Equipment, methods, and test data are 
discussed in this paper. 


By 
L. R. LUDWIG 


ASSOCIATE A.1.E.E. 


A. H. TOEPFER 


ASSOCIATE A.1.E.E. 


All of the Westinghouse 
Elec. & Mfg. Company, 
East Pittsburgh, Pa. 


F. A. MAXFIELD 


ASSOCIATE A.1.E.E. 


Dia the early development of 
the mercury arc rectifier, the serious defect in its 
operation known as backfire or arc-back, quickly 
became apparent. These erratic failures, amounting 
to complete loss of valve action of the device, necessi- 
tated a large expenditure of effort on the part of 
engineers and physicists before practical rectifiers 
could be built. At the present time entirely satis- 
factory rectifiers are available commercially, but the 
problem of backfire continues to hamper the designer. 
Grids, shields, disadvantageous spatial relationships, 
costly anode constructions, force their way into his 
structures because reliable valve action requires 
them. To make clear the advantages in these re- 
spects of the apparatus described, a brief suinmary 
of the factors affecting backfire is given. 

Many investigators! have associated the backfire 
or accidental formation of a cathode spot on the 
anode, when it is bearing negative voltage with 
the back current. By back current, one means the 
positive ion current collected by the anode bearing 
negative voltage, as a result of diffusion of ions to the 
anode region, or as a result of a self-maintained dis- 
charge of the glow type. Slepian and Ludwig?’ 
defined the conditions favorable for backfire and cited 
experiments made by D. E. Marshall in which back- 
fires were produced by striking a negative electrode 
with some kind of small particle. It was found that 
backfires would result only if ionization existed, 
causing back current to the negative electrode. 

In the normal multi-anode rectifier this back 
current may arise in 3 ways: 


|. Throughout the nonconducting period of a particular anode 
here is a continuous back current flow to it as a result of diffusion 
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of ions from arcs to other anodes in the same tank, which are active 
during this period. 


2. Immediately following the ‘transition point” that is the point at 
which the current reaches zero and negative voltage is applied rapidly 
to the anode, a very high initial back current will flow for at least a 
short time because of the high density of ionization present in the 
anode region due to current flowing just previous to this transition 
point. 


3. In case conditions become such that a self-maintained glow 
discharge can exist with its cathode upon the negative anode, then a 
comparatively high back current can exist for a long period of time. 


The vapor density of the mercury in the vicinity of 
the anode also has been found to have a considerable 
effect on the backfire probability. This effect is not 
necessarily distinct from the association of backfire 
probability with back current, because clearly the 
transition back current just described as well as 
fulfillment of the condition under which a self- 
maintained glow may exist, largely depends upon the 
vapor density. 

In any practical rectifier a self-maintained dis- 
charge during a nonconducting period may be 
avoided by holding the gas density and the dimen- 
sions of the rectifier within limits such that the 
available voltage will not maintain the discharge. 
Furthermore, the length of time during which the 
transition back current will flow may be minimized 
by keeping the gas density low so that the residual 
ions will be lost rapidly by diffusion. It also is 
possible to minimize the continuous diffusion back 
current by surrounding a negative anode with shields 
aud grids and by placing it far away from other con- 
ducting arcs. The shields and grids also are effective 
with respect to the other 2 forms of back current. 

Such an analysis shows why multi-anode rectifiers 
have been designed having rather large dimensions, 
necessitated by a tortuous arc path, grids and shields, 
large internal coolers and in fact all those factors of 
design which prevent the use of a simple conducting 
arc having a low drop, and which consequently 
causes the rectifier to be expensive and inefficient 
compared with what might be expected if backfires 
could be avoided in a more direct manner. 

In order to keep the average backfire rate of a 
rectifier low and at the same time to use a small 
structure in which the anode is placed directly above 
the cathode without interfering grids and shields, 
more suitable means are required for keeping the 
back current sufficiently low. These desirable char- 
acteristics are attainable readily in the following way: 

If a rectifier having a single anode and mercury 
pool cathode within a separate small tank were to be 
built, no continuous back current could flow to the 
anode when it is negative, because the tank would 
contain no source of ionization and would remain 
entirely inactive during the nonconducting period. 
However, some means for restarting the are would be 
required when the device is to become conductive 
again. A continuously burning “‘keep-alive’’ would 
be satisfactory for restarting the arc, but it would 
completely defeat the purpose, which is to avoid any 
source of ionization during the period of nonconduc- 
tion. An intermittent “‘keep-alive,’’ or ‘“make-alive’’ 
is required. An entirely suitable ignition means has 
been described by Slepian and Ludwig,* and it can be 
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Fig. 1 A single anode experimental ignitron 


used in the single anode tanks without causing con- 
tinuous back current. 

Thus the continuous back current need be of no 
more concern, but to obtain backfire immunity a 
self-maintained glow discharge also must be avoided 
during the nonconducting period. Furthermore it is 
essential rapidly to deionize the gas space between 
the electrodes at the transition interval. Sufficient 
and proper cooling alone, has been found adequate 
to accomplish both of these purposes. 

Thus one is led to the adoption of single anode 
tanks, properly cooled and with built-in igniters, to 
escape the complexity and comparative inefficiency 
of the conventional rectifier. The new structure 
has been termed an “‘ignitron.”’ 


EXPERIMENTS WITH SMALL IGNITRONS 


The essential components of a small ignitron are 
shown diagrammatically in Fig. 1. The anode was 
made of graphite and placed 2 in. above a mercury 
pool cathode. For experimental purposes the side 
wall was of pyrex glass sealed to the cathode and to 
the anode structure. The anode was insulated from 
the plate sealed to the top of the glass by porcelain. 
Rubber gaskets were used to secure vacuum tightness 
at the junction of the porcelain and the iron and the 
upper part of the assembly were bolted together. 
The upper end of the igniter was connected to the 
cooled upper plate, which was connected electrically 
to the anode through a rectifier tube. This unit was 
tested in a single-phase half-wave rectifier circuit and 
the output direct current power was supplied to a 
rotating machine. Tests were made at 300 volts and 
50 amp direct current. During these initial tests no 
special cooling was used, the cathode itself and the 
upper plate served entirely for condensation of the 
mercury evaporated at the cathode. During the 
initial tests several backfires occurred. It was inter- 
esting to note, however, that none of these backfires 
seemed to be associated with mercury drops thrown 
from the cathode against the anode, or mercury 
drops falling from the anode when it was run cold. 
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In the usual type of rectifiers such conditions would 
cause practically continuous backfire, because almost 
every drop impinging against the anode would 
produce an are back immediately. This observation 
seems to bear out the previous test obtained by 
D. E. Marshall which requires back current in order 
for impinging particles to produce backfire, and at 
the same time these particles show that throughout 
most of the nonconducting period the back current in 
this ignitron must have been quite small. 

In another ignitron similar to the one described, 
except larger, tests made by Dr. D. Silverman indi- 
cated that the backfires obtained did occur at the 
transition interval. The circuit used for these tests 
was the same as that shown in Fig. 1 except that a 
condenser was connected in parallel to the ignitron. 
This condenser was sufficiently large so that approxi- 
mately 400 microseconds was required before it could 
be charged to a potential greater than 100 volts by 
the current flowing into it through the reactance 
placed in series with the ignitron. Consequently 
negative voltage was not impressed suddenly on the 
ignitron anode as is usual in case of a rectifier circuit. 
During the test made with the condenser, no back- 
fires occurred, although the backfire rate was very 
high with the same current and voltage when the 
condenser was removed. The fact that both of these 
ignitrons operate backfire free in a single phase circuit 
when a resistance load is used also indicates that the 
backfires are occurring in the transition region be- 
cause the negative voltage is applied slowly to the 
anode with the resistance load and the ions have 
ample time practically to vanish before considerable 
voltage is present. 

During tests with the ignitron shown in Fig. 1, it 
was found that if the temperature of the ingoing 
cooling water was increased from 18 to 30 deg C the 
backfire rate would be increased very considerably. 
At the same time a glow could be detected during the 
nonconducting period by looking into the vessel 
through a stroboscope. At the lower water tem- 
perature no light at all was visible during a non- 
conducting period. 

In order to make the device less critical to ingoing 
water temperature and also to improve conditions at 
transition, a special cathode cooling means was de- 
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vised. This consists in fixing the cathode of the arc 
directly on a cooling coil. Actually iron pipes 
arranged to carry water were covered with molyb- 
denum and placed in the cathode such that the 
mercury level extended about half the height of the 
pipe. It may be seen from this construction (shown 
in Fig. 1) that approximately half the cooling coil 
extends above the mercury. The igniter, which in 
this case is a crystal of carborundum, is so placed as 
to touch this cooling coil at one particular spot along 
this length. The igniter also is surrounded com- 
pletely with a glass covering except for a vertical strip 
of its outer surface which contacts with the mercury 
and the spot fixing coil. In this way the arc is started 
directly on the well cooled fixer. 

During tests with this arrangement it was found 
that 50 amp at 600 volts direct current machine load 
was carried for one week without backfire. Ingoing 
water temperature during this test was 27 deg C. 
The arc drop as observed from an oscillogram had an 
average value somewhat less than 10 volts. 

A still further check on the applicability of the 
ignitron principle to rectifiers was made by building 
another unit similar to the one shown in Fig. 1, but 
with the following changes. The glass walls and 
steel cathode structure were replaced by a steel cup 
so that the walls as well as the cathode could be 
cooled. The cooling coils in the cathode were 
omitted. A hollow iron anode insulated from the 
walls and cathode by glass sealed to 2 pieces of 
“kovar”’ (an iron alloy, developed by H. Scott, 
which may be sealed to glass) was used instead of 
graphite. The igniter lead was brought in through 
the side by means of another kovar-glass seal. The 
physical dimensions of this unit essentially were the 
same as those of Fig. 1. With this ignitron it was 
possible to supply a rotating machine load of 50 amp 
average and 600 volts direct current through a half 
wave rectifier connection for 19!/2 hours without 
backfire. With an average of 75 amp and 600 volts 
de supplied for 151/, hr, only 3 backfires occurred. 
It was possible to carry this load in the absence of 
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cooling coils in the cathode because of the much more 
effective cooling obtained with steel walls. Another 
factor which aided in giving satisfactory operation of 
the ignitron was the fact that this unit practically 
had no leaks. The gas pressure rose only about 2 
microns an hour with the unit trapped off and 
carrying a 50-ampere d-c load. The are drop again 
was slightly under 10 volts. 

These tests seem to show that with sufficient cool- 
ing to avoid a self-maintained glow and to speed up 
the deionization at the transition, the ignitron prin- 
ciple may be adapted to rectification with results 
vastly improved over any present form of mercury 
pool cathode device.‘ 


THE POLYPHASE IGNITRON 


In following up-this idea a polyphase ignitron was 
built for test in a 6-phase or double 3-phase circuit. 
This experimental ignitron shown in Fig. 2, consists 
of 6 units each similar to the ignitron in Fig. 1, except 
that the glass wall is replaced by steel. The 6 units 
are mounted in a steel tank which provides a com- 
mon water-cooling system for the walls and another 
for the cathodes and a common evacuating system. 
This assembly is very compact. It is only 91/4 in. 
high and 16 in. in diameter. There is no need for 
insulating the cathodes or restricting the motion of 
the cathode spot. At the beginning of every cycle 
the arc starts always at the igniter and tends to fix on 
the molybdenum covered cooling pipe. Rarely does 
it move more than 1!/, in. from the igniter. All the 
cathodes are interconnected to permit free flow of 
mercury from one pool to another, assuring equal 
distribution of mercury among the 6 pools. 

This ignitron was operated in 2 types of rectifier 
circuits—a double 3-phase of the usual kind and a 
6-phase obtained by short circuiting the interphase 
transformer. 

Figure 4 shows a typical oscillogram taken when 
the rectifier was supplying 325 amperes at 265 volts 
direct current. The total cathode current as indi- 
cated by this oscillogram has more of a ripple than is 
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permissible with commercial rectifiers since no re- 
actor was placed in the cathode lead to provide 
smoothening. The condition in which 2 anodes are 
carrying current at the same time is shown clearly. 
It can be seen readily that after a conduction period, 
the voltage rises suddenly to about 300 volts which 
is typical of power rectifier circuits. Also it can be 
seen that the voltage required to strike an arc in the 
rectifier by means of the igniter is only slightly more 
than 40 volts and that the maximum current required 
is only about 10 amperes. The time of application 
of this voltage and current is very short being only 
about 3 per cent of a cycle or about 10 electrical 
degrees. The average current through the igniter 
is somewhat less than 0.1 ampere, consequently the 
power input is very low. 

Figure 5 shows the nature of the arc drop. The 
process of measuring it necessitated putting a rectox 
unit in series with the oscillograph element, hence the 
deflection is not linear nor is it the same on both 
sides of the zero line. It can be seen though that the 
average arc drop is slightly more than 9 volts. 

At the time of writing, this ignitron had been 
operated for more than 49 hours in a 6-phase circuit 
supplying 300 amperes at 300 volts dc or 90 kw to a 
rotating machine load. During this time no back- 
fires occurred nor was there any other indication 
that the unit had reached its maximum capacity. 
These tests still are in progress, but the data obtained 
thus far in actual rectifier operation seem to demon- 
strate that the ignitron is quite practical. 

The authors wish to acknowledge the creative guid- 
ance of Dr. J. Slepian in the development which has 
been described and to credit him with many con- 
tributions fundamental to the ignitron. 
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Fig. 5 Oscillogram showing ignitron are drop for 
double 3-phase connection; motor load 325 amp 
at 260 volts 


Inductor Alternators 
for Signaling Purposes 


Recent developments of the inductor alter- 
nator for the generation of modulated high 
frequency currents for telephone or tele- 
graph signaling or carrier purposes are given 
in this paper. Several novel arrangements 
of the electric and magnetic circuits and 
certain principles and special details of 
design and construction are described. 


By 
F. W. MERRILL General Elec. Company, 
MEMBER A.1.E.E. Fort Wayne, Indiana. 


Ga speaking, inductor 
alternators designed for the generation of special 
tones for signaling or telegraph carrier purposes on 
communication lines are of small output, ranging 
from a few hundredths of a watt to 40 watts, and in 
frequency from about 135 cycles to 2,300 cycles, for 
the uninterrupted or pure tones. These tones may 
be used in their pure form for certain applications, 
or may require modulation at some low frequency 
rate for the production of other characteristics. 
In some cases it is desired to interrupt the tone 


init 


completely at some such rate as 20 or 30 cycles; 


and again the signal may require only the variation 
of the voltage or amplitude of the high frequency 
current at a periodic low frequency rate without 
complete interruption. 

It is not the function of this paper to discuss the 
applications of these tones in detail, as that phase of 
the subject is outside the experience of the author, 
but some of the applications are mentioned to estab- 
lish a practical connection. 

In leading up to the special designs required for 
the production of the interrupted, or otherwise 
varied, tone signals it is essential first to understand 
the general type of inductor alternator that has been 
found most suitable in these small sizes for the 
generation of uninterrupted high frequency currents. 
These simpler machines are interesting in themselves, 
illustrating as they do the fundamental principles 
of generation, and an arrangement of parts which is 
capable of modification to produce the more compli- 
cated designs which are the principal subject of this 
paper. In this connection an arrangement of 
especial interest is described in which 12 plain 
inductor alternators each giving a different fre- 
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quency, are assembled into a single “multifrequency”’ 
unit which has to meet very exacting requirements 
for both voltage and frequency. 

In addition to its superiority as a generator of the 
higher frequencies the inductor alternator has 
several other advantages. 


1. It has no moving conductors. 
2. It requires neither brushes nor collector rings. 


3. It can be operated at a higher flux density for a given core loss 
because the flux does not reverse but merely rises and falls between 
maximum and minimum values. 


4, Itcan be operated at higher speeds because there is no winding on 
the rotor. 


5. It has a lower cost of attendance and maintenance due to the 
absence of brushes and collectors. 


6. It can be designed for the direct generation of interrupted or 
modulated high frequency output. 


FREQUENCY RANGE OF 
FRACTIONAL HORSEPOWER INDUCTORS 


The expression “high frequency”’ is relative, and 
as used in connection with the subject matter of this 
paper is defined as any frequency high enough to 
warrant the construction of an inductor alternator 
in preference to the conventional type of salient 
pole a-c generator. Due to the small physical size 
of fractional horsepower frames, it is surprising how 
low this so-called high frequency may be and still 
meet the above definition. 

Standard fractional horsepower d-c motors are 
bipolar, hence revolving armature type a-c generators 
built in these frames also are bipolar. The larger 
induction motor stators are slotted so as to permit 4, 
6, and 8 pole windings, and presumably revolving 
field rotors could be built up to 8 poles for use with 
these stators. As a matter of fact, however, a 6-pole 
field design is about the economical limit for the larg- 
est fractional horsepower frame, and it is preferable, 
when considering the next step, to use an inductor 
alternator having a 4-tooth rotor instead of a revolving 
field system having 8 poles. 

Hither the 8-pole alternator or the 4-tooth inductor 
generator would give 120 cycles at 1,800 rpm but 
the ampere turns per pole permissible in the re- 
stricted winding space of the 8-pole revolving field 
system would be considerably less than those ob- 
tainable with the bipolar stator excitation of the 4- 
tooth inductor alternator. For this reason the air 
gap flux density of the inductor machine would be 
enough higher than that of the 8-pole revolving 
field alternator to make it preferable from an output 
standpoint, if for no other reason. Therefore, 120 
cycles at 1,800 rpm may be taken as approximately 
the correct point in fractional horsepower frames to 
change over from the conventional a-c generator 
to the inductor alternator. For frames of larger 
size this change-over point would occur at a higher 
frequency, the value of which would continue to 
rise with the absolute size of the machines under 
consideration. bats 

The approximate upper limit of frequency ob- 
tainable in fractional horsepower frames with the 
type of construction described is between 4,000 and 
5,000 cycles at 1,800 rpm giving a practicable fre- 
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quency range, at a definite speed, for inductor alter- 
nators in these small sizes of about 40 to 1. The 
speed of 1,800 rpm, is, of course, low for such small 
frames, and with proper design and construction 
may be increased 4 times, giving an absolute upper 
frequency limit of 15,000 to 20,000 cycles for these 
small machines. 

The power output, of course, drops off at the 
higher frequencies but can be maintained very well 
up to the upper limits given by suitable tuning of the 
output and by the proper choice of materials. 


CONSTRUCTION—ELECTRIC AND MAGNETIC CIRCUITS 


The fractional horsepower inductor alternators 
usually are designed as indicated in Fig. 1. 

The coils in which the high frequency a-c output 
is generated are wound around the 12 stator teeth as 
shown and all connected in series so as to add their 
voltage, terminating in leads L,; and Ly. The 
excitation is bipolar and is provided by the 2 field 
coils on the stator element terminating in leads F, 
and f;. The exciting flux passes from the 6 stator 


teeth of 1 polar group through the rotor into the 
teeth of the opposite polar group and returns by 
way of the 2 halves of the yoke, the magnetic circuit 
being, in this respect, exactly like that of any 2-pole 
generator. 


Fig. 1. Cross sec- 
tion of stator and 
rotor assembly, 
showing  arrange- 
ment of teeth and 
windings of a typical 
inductor alternator 
for generating un- 
interrupted current— 
illustrating fractional 
pitch of stator teeth 


In the alignment of stator and rotor teeth in Fig. 1, 
there are 11/. rotor tooth pitches for 1 stator tooth 
pitch. With an even number of stator teeth in each 
exciting polar group this fractional pitch alignment 
places half of the stator teeth directly in line with 
rotor teeth and the other half in line with rotor slots. 
The stator teeth in line with the rotor teeth carry 
maximum flux, those in line with the rotor slots 
carry minimum flux. If the rotor is revolved one 
half a rotor tooth pitch the flux shifts in half the 
stator teeth from maximum to minimum and in the 
other half from minimum to maximum. The total 
flux, however, which passes through the field coils 
and around the yoke remains constant. Therefore, 
in the construction shown in Fig. 1, which is funda- 
mental for all of the fractional horsepower frame 
inductors, constancy of the main exciting flux 
through the field coils and yoke is secured by means 
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of: (1) an even riumber of stator teeth per exciting 
polar group and (2) stator teeth spaced a fractional 
number of rotor tooth pitches apart. 

In general, with this fractional pitch as a basis of 
design, the stator teeth may be spaced, */2, 11/2, 
21/,, 31/o, etc., times the rotor tooth pitch. The 
higher the frequency and the finer and more numer- 
ous the rotor teeth, the larger would be the number 
of rotor tooth pitches that would have to be allowed 
for one stator tooth pitch in order to secure sufficient 
winding space for the a-c generating coils. The 
number of stator teeth, however, affects only the 
total voltage generated, while the frequency depends 
wholly upon the rotor tooth pitch and the speed of the 
rotor. 

It should be noted also that the arrangement of 
teeth shown in Fig. 1, in which half of the teeth 
are in the position of maximum flux while the other 
half are in the position of minimum flux, is equivalent 
to displacing half of the stator coils 180 elec deg 
with respect to the other half. As a result of this 
connection all even harmonics cancel out, but the 
fundamentals add. For this reason a fractional 
pitch arrangement of the stator teeth as shown gives 
a much better wave shape than would be obtained 
by an integral pitch spacing even if this latter were 
not objectionable from the standpoint of pulsating 
the main exciting flux through the field coils. 

Frequency. When any rotor tooth exactly is in 
line with a stator tooth, the flux through the a-c 
coil around that stator tooth is a maximum and the 
voltage is zero, because there is no change in flux 
at that instant. As the rotor tooth moves from this 
position, the flux decreases, slowly at first, then very 
rapidly as the rotor tooth completes the first quarter 
of its full pitch movement generating maximum 
voltage in the coil, then more slowly, and, as the 
center of the rotor slot comes under the stator 
tooth, the decrease in flux ends and the generated 
voltage again becomes zero. This is the end of the 
first half cycle and the flux in the stator tooth is a 
minimum. As the rotor tooth moves further the 
flux increases at a varying rate, depending upon the 
exact position of the tooth as described previously, 
generating the a-c wave of opposite polarity, the 
flux again becoming a maximum and the voltage 
zero when the next rotor tooth exactly comes in line 
with the original stator tooth. 

Therefore, one cycle is completed for a movement 
of one rotor tooth pitch. If the rotor has a full number 
of equally spaced teeth uniform frequency will be 
generated. 


If 
f = frequency in cycles per second 
P = number of rotor teeth in full circumference 
S = revolutions per second. 
Then 
5p ess 
If P = the number of poles of a revolving field 
; Te : 
system, then f = 5 x S. Hence one inductor rotor 


tooth is equivalent in frequency generation to a pair 
of poles of the conventional type alternator. An- 
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Component parts of a multifrequency set 


Fig. 2. 


other thought is that one inductor rotor tooth 
pitch = 360 elec deg, whereas, a pole pitch of the 
conventional type alternator field = 180 elec deg. 

Voltage. The voltage of the entire a-c winding 
is proportional to the rate of change of flux and to the 
number of turns in series. The flux change per 
stator tooth is equal to the difference between the 
maximum and the minimum flux in the 2 extreme 
positions of the rotor tooth as described. This 
difference in flux per stator tooth is called the “useful 
flux.” 


If 


T = total turns in series on all stator teeth 
¢ = useful flux per stator tooth 
E = effective voltage generated in entire a-c winding. 


Then 
E = 2.22f¢T10-8 


The derivation of this formula is not given, as 
this may be obtained from various textbooks on the 
subject. 

It is easy to assign definite values to all of the 
terms of the above voltage formula except ¢. The 
determination of this useful flux is important and 
somewhat difficult. It may be found, however, 
within a fair degree of accuracy, by means of large 
scale flux plots of the teeth in the maximum and 
minimum positions. It should be noted that such 
determinations will be less accurate in the case of 
the higher frequency inductors having narrow tooth 
widths and relatively large values of minimum flux. 
The useful flux then is equal to the difference be- 
tween 2 relatively large quantities, and small errors 
in the determination of either one of these, causes a 
much larger percentage of error in their difference. 

Percentage Rotor Tooth Width. The graphical 
method of determining the useful flux just referred 
to assumes that the dimensions of the rotor and 
stator teeth already have been established. The 
choice of these dimensions, however, must very 
carefully be made, particularly the width of rotor 
tooth as compared to rotor tooth pitch. In starting 
with a very narrow rotor tooth, say 20 per cent of 
the tooth pitch, the maximum flux and the useful 
flux both will be quite small. As the percentage 
tooth width is increased (the stator tooth being kept 
the same width as the rotor tooth), both the maxi- 
mum and useful flux increase up to a certain point. 
If the tooth width is increased still further the maxi- 
mum flux continues to increase but the useful flux 
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begins to decrease, because the minimum flux now is 
increasing faster than the maximum flux causing 
the difference between the 2 values—the useful 
flux—to diminish. When designing an inductor 
alternator care should be taken to choose a width 
4 tooth that will give the greatest value of useful 
[bbe 

Saturation. In the graphical determination of the 
useful flux it has been assumed that there is no rotor 
or stator tooth saturation. If the ampere turns of an 
inductor alternator (similar to Fig. 1) are increased, 
and the yoke section is heavy enough so that satura- 
tion occurs first in the stator or rotor teeth, the 
“maximum flux” will be held at a certain point by 
this saturation while the ‘“‘minimum flux’’ will con- 
tinue to increase, as neither the rotor nor stator teeth 
will saturate in the minimum position, the extra 
ampere turns all being absorbed in the large gap. 
The result of this is a decrease of useful flux and of 
generated voltage. A saturation curve taken on an 
inductor alternator with this kind of a magnetic 
circuit will show increasing no-load voltage with 
increasing field current up to a certain point, beyond 
which the generated voltage will decrease with in- 
creased excitation. This same effect also is noted 
in the paper, “‘A 10-kw, 20,000-Cycle Alternator,’’ by 
M. C. Spencer, JL. or THE A.I.E.E., July 1927, 
p. 681. This puts a definite limit on the amount 
of voltage that can be obtained by field control. 
This condition of tooth saturation generally should 
be avoided, and if saturation must be had in order to 
minimize the effect of varying exciting voltage, 
temperature changes, etc., on the generated voltage, 
it would be better to saturate the yoke in the con- 
stant flux zone and thus retain some field control to 
cover manufacturing variations among individual 
machines. Locating the saturated section of the 
magnetic circuit in the constant flux zone also pre- 
vents the excessive iron losses that might occur if 
this section were subject to the same high frequency 
variations which occur in the stator and rotor teeth. 


THE MULTIFREQUENCY SET 


The multifrequency set shown disassembled in 
Fig. 2, is an inductor alternator generating 12 
fundamental frequencies at the same time. 


The 


Figs. 3 and 4. Stator and rotor punchings of a 
multifrequency set; (left) 15-tooth rotor channel, 
and (right) 81-tooth rotor channel 
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generator end really is 12 inductor alternators com- 
bined into 1 unit. The 12 stators differ in mechani- 
cal details, and have different windings, but all are 
assembled in 1 block, and excited by a common set 
of field coils. Each stator is composed of the same 
number of silicon steel punchings so that the axial 
length is the same for each unit. Different punch- 
ings, however, are required for the respective stators. 
These stator elements are separated axially by non- 
magnetic (brass) spacers to prevent frequency inter- 
ference between adjacent channels. The block of 
12 stators with windings complete is assembled in 
an aluminum case, it not being permissible to use 
a cast iron case on account of frequency interference. 

The assembled rotor is composed of 12 different 
rotors, mounted en a brass spider and separated by 
brass spacers. This assembled rotor is mounted on 
the shaft so that its respective channels line up 
exactly with the corresponding stator channels. 
The number of rotor teeth begins with 15 and pro- 
ceeds upward by arithmetical progression, having 
a conimon difference of 6, until the highest number 
of teeth, 81, is reached. Figs. 3 and 4 show the 
stator and rotor punchings of the 15 tooth and 81 
tooth channels, respectively. This inductor is built 
into a 2 bearing set having a 20/24-volt d-c speed- 
regulated motor as the other unit. The rating of 
each channel is 0.7 volt, 0.04 amp—the frequency 
ranging from 425 to 2,295 cycles at a speed of 1,700 
rpm. The speed is held within about plus or minus 
1/, per cent by the centrifugal speed regulator for 
the above battery range and for all variations of 
load and temperature. 

The multifrequency sets are used for sending 
telegraph messages on the longer lines, such as those 
between Boston, New York, Chicago, and the West 
Coast. These machines make it possible to send 
12 messages over 1 circuit at the same time, filters 
being used to tune in the messages at the receiving 
end. 

The first model multifrequency sets were designed 
by H. M. Stoller of the Bell Telephone Laboratories 
and built in New York under his supervision. 


First METHOD OF 
PRODUCING INTERRUPTED SIGNALING CURRENTS 


In 1922 a demand arose for a special 1,000-cycle 
signaling tone for use on long telephone toll circuits. 
The customer’s specification requested a _ speed- 
regulated, battery-driven, 2-bearing set, the inductor 
alternator of which should generate 1,000 cycles, 
and be fitted with a mechanical interrupter which 
would interrupt completely the 1,000-cycle tone 
at a 20-cycle rate, that is, !/s sec on, 4/49 sec off. 
The 1,000-cycle signaling pure tone also was required 
for testing purposes in carrier systems. This 
set originally was known as the “‘voice frequency 
signaling set.’’ A schematic diagram of the set with 
its d-c speed regulated motor, and mechanical 
interrupter is shown in Fig. 5. It will be noted that 
the inductor alternator generates an uninterrupted 
current, which is interrupted by 2 mechanical 
interrupters so as to supply the 1,000/20 tone to 2 
independent circuits. Oscillograms of the pure tone 
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and of the interrupted tone from this type of set are 
shown in Fig. 6. A disassembled view of the set, 
Fig. 7, clearly shows the inductor and mechanical 
interrupter parts. Several of these sets were manu- 
factured and gave good service except that the 
interrupter rings and brushes required considerable 
maintenance and the efficiency was not good due to 
the friction loss of the 6 interrupter brushes. The 
rating of the generator end of this set is 6 volts, 
0.035 amp, 1,000 cycles, 1,175 rpm, + 2 per cent. 
The inductor rotor has 51 teeth. (19.6 rps X 51 = 
1,000.) 


Drrect GENERATION OF INTERRUPTED CURRENTS 


As stated previously: ‘‘one cycle is completed for a 
movement of one rotor tooth pitch. If the rotor has a 
full number of equally spaced teeth, uniform frequency 
will be generated.” 

After a few of the mechanically interrupted sets 
had been built the idea was conceived that it would 
be possible to generate the 1,000-cycle tone for half 
the time by using a rotor having one-half of the 
circumference smooth and the other half notched 
with teeth of the same circumferential pitch as that 
of the 51 tooth rotor of the original set. This idea 
was tried out and found to work perfectly. As a re- 
sult, it was possible to eliminate the entire inter- 
rupter of the original set, reduce the first cost, elimi- 
nate maintenance of the mechanical interrupter and 
increase the efficiency. Fig. 8 shows the disassembled 
view of this new type of set. Comparing this with 
Fig. 7 it will be noted that only 3 brushes are re- 
quired instead of the 9 brushes used on the original 
set. The stacking of the partly toothed rotor has 
been increased to raise the flux per stator tooth to 
make up for the fact that the number of teeth 
available for the generation of voltage has been re- 
duced from 12 to 2. 

Fig. 9 shows a cross section view of this special 
inductor. Comparing this with Fig. 5 it will be noted 
that the winding Li, Ll. supplies interrupted cir- 
cuit No. 1 and winding Ls, Ly supplies interrupted 
circuit No. 2. By connecting Li, L., L3, and Ly in 
series an approximately continuous 1,000-cycle tone 
is generated, each winding supplying this tone for 
half the time. Fig. 10 shows 3 oscillograms taken 
from this first machine. Oscillograms 1 and 2 show 
the result of connecting the 2 interrupted windings 
in series. In oscillogram 1 the overlapping portions 
of the active generating periods of the 2 windings 
add their voltage, while in oscillogram 2 these over- 
lapping portions are in opposition. Oscillogram 3 is 
representative of either one of the interrupted 
circuits taken alone. This signal, while not so sharply 
interrupted as some which have been produced 
by inductors of later design, proved to be an en- 
tirely satisfactory substitute for the mechanically 
interrupted pure tone. 

Examination of Fig. 9 shows that in this first 
attempt to generate an interrupted current the 
stator teeth were spaced 21/2. rotor tooth pitches 
apart. The rotor has 25 teeth and 26 slots on 
half the circumference (equivalent to 52 teeth and 
52 slots for a full circumference). When this type of 
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A 1,000-cycle voice frequency signaling 
set of mechanical interrupters 


Fig. 5. 


Fig. 6. Oscillograms of the tones of the set shown 
in Fig. 5 


(Above) 1,000 cycles uninterrupted 
(Below) 1,000 cycles interrupted at 20-cycle rate 
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Fig. 7. Component parts of the 1,000-cycle set 
shown diagrammatically in Fig. 5 


rotor is revolved at 19.23 rps, 1,000 cycles are gener- 
ated in each alternate circuit for one-half the time. 
It is evident, therefore, that the generated fre- 
quency is not equal fundamentally to the number 
of teeth on the rotor multiplied by the revolutions 
per second, but that it is equal to the peripheral 
velocity of the rotor surface in feet per second, 
divided by the circumferential pitch of the rotor 
teeth in feet (any other units of length or angle may, 
of course, be used). 

Fig. 11 illustrates an improved up-to-date design 
of rotor and stator structure for producing a 500/20- 
cycle signal. In this case, there are 11 teeth and 12 
slots equivalent to 12 rotor tooth pitches (as the 
beginning of the smooth portion is equivalent to 
another tooth), but located on less than half the rotor 


circumference. In this case, the circumferential 
pitch of the rotor teeth = Creu sU Sie 
; 251/. 
Sa = 0.449 in. Peripheral velocity at 
2 
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19.6 rps = 3.64 in. X + X 19.6 = 224.5 in. per sec, 
Enews ni eycles r : rotor di i 

0.440 4 per sec: rotor diameter being 
3.64 in. This method of calculating frequency 


fundamentally is more correct than the usual for- 
mula f = PS, which assumes a full number of equally 
spaced teeth. Another advantage of using a partly 
toothed rotor is that there is no single step limitation 
to the tone frequency. For example, with a full 
number of teeth, either 25 or 26 teeth would have to 
be used, but with a partly toothed rotor the exact 
tone frequency of 500 cycles, at 19.6 rps, correspond- 
ing to 25/2 teeth, is just as easy to obtain as some 
other frequency corresponding to an integral number 
of teeth for the entire circumference. 


Fig. 8. An inductor alternator set for generating 
1,000/20-cycle 


tone directly—no mechanical 


interrupters 


Fig. 9. Cross sec- 
tion of stator and 
rotor assembly, 
showing arrange- 
ment of teeth and 
windings of inductor 
4 alternator for gener- 
ating 1,000/20- 
cycle tone directly 


INTERRUPTED 
“CIRCUIT 
NO.1 
INTERRUPTED 
CIRCUIT 
NO. 2 


Fig. 10. Oscillogram of interrupted output gener- 
ated by the special machine shown in Figs. 8 and 9. 
Also oscillograms of the 2 interrupted circuits of 
this generator connected series cumulative and series 
opposed 


1. Cumulative connection 9. Opposed connection 
3. One interrupted circuit 
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The detail of particular interest to be noted in 
Fig. 11, however, is the fact that the stator teeth 
have been converged so as to be spaced only 1/2 
rotor tooth pitch apart. The effect of this is to 
interrupt the tone sharply, and to prevent the 
shading and interference so evident in the oscillo- 
grams of Fig. 10. An oscillogram of the interrupted 
output of this up-to-date 500/20-cycle generator 


is shown in Fig. 12. 


THE GENERATION OF 
MODULATED SIGNALING CURRENTS 


Tone Alternator. For many years a large per- 
centage of telephone ringing machines have been 
fitted with so-called “high speed interrupters’ 
for the generation of special tones. This high speed 
interrupter is a cylindrical drum containing several 
interrupter rings which are fitted with alternate 
live and dead segments contacting with brushes. 
located in such a way as to interrupt battery current 
at a rate that will produce the desired tones. Each 
interrupter ring unit of this interrupter produces a 
different kind of a tone for a special signaling pur- 
pose. The interrupter drum is mounted directly 
on a shaft extension of the ringing machine and 
operates at a speed of about 1,150 rpm. The tones. 
produced are satisfactory, but the cost of maintaining 
the brushes and rings is high. 

Following the successful generation of the inter- 
rupted tone signal, and the elimination of the me- 
chanical interrupters from the voice frequency 
signaling set it was thought that a similar result 
might be possible in connection with the high 
speed interrupter. 

This high speed interrupter produced 3 tones— 
high tone (411 cycles), low tone (137 cycles), and 
the audible ringing signal, which was a very special 
tone having a continuous frequency of 411 cycles— 


Fig. 11. A stator. 
and rotor assembly, 
showing arrangement 
of teeth and wind- 
ings of an improved. 
type of inductor al- 
ternator for the gen- 
eration of _ inter- 

rupted output. 
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Fig. 12. Oscillogram of the sharply interrupted 
output of the inductor alternator shown in Fig. 11 
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the same as the high tone—but interrupted at a 
lower frequency rate so as to sound like a ringing 
signal. It was suggested by the telephone engineers 
that this tone could be duplicated by a sine wave of 
411 cycles fundamental frequency varied in voltage 


Fig. 13. Oscillogram of ‘high tone’ with 60-cycle 
timing wave 


in a 1 to 4 ratio at a 40-cycle rate. A method of 
generating such a modulated tone by inductor 
alternator was conceived and successfully accom- 
plished in the first model. It was found, however, that 
the pure 137-cycle tone of the first model was not a 
satisfactory low tone as the wave, being nearly 
sinusoidal, lacked the quality of the mechanically 
interrupted tone to which the operators had become 
accustomed. It was thought necessary, therefore, 
to generate a low tone that would sound more like 
the mechanically interrupted tone. After con- 
siderable study the telephone engineers in charge 
of this investigation decided that a correct tone 
would be obtained if 660 cycles could be generated by 
an inductor alternator in such a way as to be varied 
in voltage or amplitude in a 1 to 4 ratio at a 120-cycle 
rate. At the same time the output requirements of 
this so-called tone alternator were increased several 
hundred per cent, the audible ringing tone was 
specified as 420 cycles modulated in a 1 to 4 voltage 
ratio at a 40-cycle rate, and the high tone raised to 
500 cycles. The design of this final tone alternator 
consisting of 2 modulated and 1 pure tone channel, 
built into 1 unit and excited by a common bipolar 
field system brings out some very interesting rela- 
tions of the a-c generating windings, and of the 
stator and rotor teeth. These are considered in 
detail as follows: 

The High Tone. This channel is a simple design, 
the cross section of the stator and rotor being the 
same as shown in Fig. 1. It should be noted that 
the coils of the a-c winding are alternately reversed 
polarity all the way around, and that the top stator 
tooth in each polar group is opposite a rotor slot 
while the lower stator tooth in each polar group is 
opposite a rotor tooth and the winding is reversed 
in going from the top tooth of one polar group to 
the top tooth of the other polar group, because the 
polarity of the main field also reverses at this point. 
If the rotor had an even number of teeth, however, 
such as 24 or 26 instead of 25, the top stator teeth of 
the 2 polar groups would be opposite a tooth and a 
slot, respectively, and the winding would not be 
reversed in going from 1 polar group to the other. 
This is the result of the rule that an even number of 
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stator teeth must be used in each polar group, 
spaced a multiple of 1/, rotor tooth pitch apart. 
An even number of stator teeth, such as N, covers 
a polar angle equal to N—1 stator tooth pitches. 
The rotor teeth covered by 1 polar group of stator 
teeth, therefore, are equal to (V—1)!/2K in which K 
is an odd number (1, 3, 5 etc.—that is, 1/2, 3/2, or 
5/, rotor tooth pitches). The rotor teeth covered by 
both polar groups = 2(N—1)!/2K = (N—1)K. Since 
(N—1) and K are both odd, neither contains a factor 
2, and the expression (V—1)K always is odd, but 
integral, regardless of the total number of rotor 
teeth. If the total number of rotor teeth is odd the 
difference between this number and (V—1)K must 
be even. Hence half this difference (in each inter- 
polar space) is integral bringing adjacent top teeth 
of the 2 polar groups over rotor teeth or rotor 
slots at the same time. If the total number of rotor 
teeth is even, the difference between this total 
number and (V—1)K will be odd. Half of this odd 
number difference, therefore, will be fractional 
putting adjacent stator teeth of the 2 polar groups 
over a slot and a tooth, respectively. This makes 
it necessary to place the a-c windings around these 
teeth in the same direction to add their voltage on 
account of the reversal of the main field flux in 
passing from 1 polar group to the other. An oscillo- 
gram of the ‘“‘high tone’ with a 60-cycle timing wave 
is shown in Fig. 13. 

The Audible Ringing Signal. ‘This is a modulated 
tone, being 420 cycles modulated by a 1 to 4 voltage 
variation at a 40-cycle rate. Its oscillogram is shown 
in Fig. 15 with a 60-cycle timing wave. Referring 
to the cross section shown in Fig. 14 of the stator 
and rotor punchings for this special inductor, it 
will be observed that there are 4 groups of 2 stator 
teeth each, spaced 90 deg apart. Two of these 


Fig. 14. A _ stator 
and rotor assembly, 
showing arrangement 
of teeth and wind- 
ings of audible ring- 
ing tone channel of 
tone alternator 
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Fig. 15. Oscillogram of audible ringing tone with 


60-cycle timing wave 
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groups come under each field pole. The rotor has 
2 opposite toothed portions and 2 opposite smooth 
portions. The circumferential pitch of the rotor 
teeth is such that 420 cycles will be generated in any 
stator tooth winding while the toothed portion of the 
rotor is passing, if the rotor is revolved at 1,200 rpm 
(20 rps): ~ = 21, that is, if the rotor were com- 
pletely filled with teeth of this same pitch, it would 
have 21 teeth. Each generating group of teeth 
contains 5 rotor slots and teeth exactly, but these 
are spaced diametrically opposite so that each smooth 
portion covers an angular space equal to 5!/, rotor 
tooth pitches. 

In order to secure the modulated wave, the oppo- 
site stator tooth, groups 3 are wound with 4 times 
as many turns per coil as the other opposite groups 
marked 2. All of the stator windings, however, are 
connected in series. With this arrangement, as the 
rotor revolves, the toothed portions generate alter- 
nately on windings 2 and 3 producing voltage in a 
1 to 4 ratio—because of the ratio of turns, and at a 
40-cycle rate because there are 2 groups of teeth 
on the rotor turning at a speed of 20 rps. 

The Low Tone. ‘his is a very special modulated 
tone particularly difficult to generate because the 
rate of modulation is so high, being equal in fre- 
quency to 18.2 per cent of the fundamental tone. 
This tone is 660 cycles modulated at a 120-cycle 
rate. In the cross section shown in Fig. 16 there are 
6 groups of 2 converging stator teeth each, and 4 
single stator teeth. The single stator teeth are 
spaced 60 deg apart, plus half a rotor tooth pitch, 
while the groups of converging teeth are spaced 60 
deg apart. The rotor tooth pitch is such as to 


generate 660 cycles, while the toothed portions are 
passing under stator teeth. 


If the same winding 


Fig. 16. Cross sec- 
tion of stator and 
rotor assembly, 
showing arrangement 
of teeth and wind- 
ings of “low tone” 
channel of tone al- 

ternator 


Fig. 17. Oscillogram of ‘low tone” with part of a 
60-cycle timing wave 
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were placed on all the stator teeth, the 4 single 
teeth would generate one-third the voltage of the 
12 converging teeth. The winding on the single 
teeth is reduced sufficiently, however, to make the 
voltage ratio 4 to 1 as specified. As the rotor re- 
volves at 1,200 rpm; generation of 660 cycles occurs 


Fig. 18. A tone alternator shown disassembled 


alternately in the 6 groups of converging teeth 
and in the group of 4 single teeth producing the wave 
train shown in Fig. 17. 

A view of the tone alternator disassembled is 
shown in Fig. 18. The 3 sets of rotor laminations for 
the 3 channels are mounted on a brass spider and 
riveted together, brass spacers being used between 
the steel punchings to prevent frequency inter- 
ference. The 3 stators also are shown assembled 
in a single unit with the windings in place; a com- 
mon set of field coils is used to excite the stators. 
The laminated stator structure then is assembled 
in the aluminum case shown at the right. The rotor 
is placed on the shaft extension of the ringing ma- 
chine replacing the high speed mechanical inter- 
rupter, while the aluminum case containing the stator 
is rabbeted to the end of the ringing machine bearing 
bracket. This generator should require no main- 
tenance whatever as it has not even added a bearing 
to the ringing machine assembly. 

The pins shown on the end of the rotor are used 
for driving a coupling connected to a gear reduction 
which in turn drives the so-called low speed inter- 
rupters that are a part of many of the ringing 
machine units. The perforated cage encloses a 
resistance tube for connection in the field circuit 
of the tone alternator. This tube is adjusted on test 
so as to bring the no load and full load voltages of 
the high tone, low tone, and audible ringing channels 
within certain specified limits. 

The output ratings of these 3 channels are as 
follows: 


TOW: CONEY (ways siete calorie aMitermes erences eer 1.0 volt, 4.0 amp 
lEbalidHS Songopnamoocon ood Goods Fog n0 den C300" 1.5 volts, 4.5 amp 
Atidibleming ing: (OnE... erie eaieee cre eerie renee 0.6 volt, 1.0 amp 


Thermocouple instruments are used for measur- 
ing the output of these special machines. In some 
cases, voltmeter and ammeter are both used, but 
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more often a noninductive resistance carefully 
measured is connected across the output leads, a 
voltmeter then being the only instrument required. 


CONCLUSION 


It is difficult to predict just what course the future 
development of this special type of inductor alter- 
nator will take. In addition to the machines de- 
scribed in this paper many other combinations 
and arrangements, of course, are possible utilizing 
the fundamental principles of supplying only part 
of the rotor circumference with teeth and in winding 
different numbers of turns around groups of stator 
teeth periodically affected by the separate generating 
groups of rotor teeth. 

Generators for producing interrupted or modu- 
lated tones built so far have been of small capacity, 
but there is no particular power limitation. Larger 
size inductor alternators could be designed, utilizing 
these same principles, which would deliver the low 


Heavy Surge Currents— 


Generation and Measurement 


There has been developed a generator for 
the production of heavy surge currents in 
excess of 100,000 amperes and of effective 
durations greater than 100 usec. Methods 
of measuring these currents by the cathode 
ray oscillograph with good engineering 
accuracy also have been developed. Some 
features of lightning phenomena may now 
be investigated which were not possible of 
study with the high-surge-voltage genera- 
tor. 


By 
P. L. BELLASCHI 


ASSOCIATE A.|.E.E. 


Westinghouse Elec. and 
Mfg. Co., Sharon, Pa. 


Few investigations and experience 
have indicated that surge currents are important 
features of lightning phenomena, in some respects 
even more important than surge voltages. This 
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tone or any of the other tones in kilowatts instead 
of watts, if there were a demand for such greater 


power. 
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consideration has led to the development of the 
heavy-surge-current generator which is described in 
this paper. 

A prerequisite for the production of heavy surge 
currents is a surge-generator discharge circuit of 
low impedance; the maximum current discharged 
from such a circuit is inherently oscillatory. To 
secure an aperiodic wave, series resistance is in- 
serted in the discharge circuit; this results however 
in a lowering of the maximum current output. 
Since the current generated bears a linear relation 
to both the charging volts and the capacitor volt- 
age, it can be controlled in much the same way as 
the voltage of the surge voltage generator. 

The accurate measurement of heavy surge cur- 
rent is beset by difficulties due not only to the mag- 
nitude of the current but also to its rapid time varia- 
tion. To eliminate stray effects and errors in the 
measuring circuit due to surge currents in the 
ground, the generator is grounded at one point 
only—in this way suppressing currents flowing in 
the ground. At this grounded point a resistance 
shunt is inserted in the generator circuit. This 
shunt must be practically noninductive and must 
have a constant resistance independent of tempera- 
ture and frequency effects. The voltage across the 
shunt is transmitted through a short segment of 
cable for measurement at the cathode ray oscillo- 
graph. 

With the development of the heavy-surge-current 
generator and of the technique of heavy-surge- 
current measurement, surge currents in excess of 
100,000 amp and of effective duration greater than 
100 usec have been produced. These currents have 
been measured with good engineering accuracy. 

The physical characteristics of heavy surge cur- 
rents produced in the laboratory are comparable in 
effect to those produced in the field by direct or near- 
direct lightning discharges, for example: the ex- 
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-plosive and destructive effects, the fusing of con- 
ductors, the sound and light produced, and other 
physical manifestations. One of the practical ap- 
plications of the heavy-surge-current generator has 
been in connection with the testing and development 


of the deion gap for surge-proof distribution trans- 
formers. 


IMPORTANCE OF HEAVY SURGE CURRENTS 


The early studies of the protection of high voltage 
lines against lightning strokes, which indicated that 
current was as important a characteristic of lightning 
phenomena as voltage, also showed that this was true 
particularly in its bearing on the design of ground 
wires and tower footing resistances where current 
discharges are involved.! Later, considerable at- 
tention was given to the protection of low voltage 
circuits against lightning? and growing out of this 
study a special form of protected distribution trans- 
former® was developed. Following the installation 
of several thousands of these transformers, many of 
them in regions highly exposed to lightning, valuable 
field experience emphasizing the importance of 
lightning current in distribution circuits has been 
obtained. Among other things, these field data 
establish the fact that while heavy-lightning-current 
discharges occurring directly at or near the trans- 
former are rare, yet they take place more often than 
was originally suspected on the strength of previous 
available experience. 


SURGE CURRENTS OBTAINABLE 
FrRoM HIGH-SURGE-VOLTAGE GENERATOR 


At the time of the investigation of surge voltages, * 
studies were made of the currents obtainable from 
the 3,000,000-volt surge-voltage generator at Sharon, 
Pa., and subsequently laboratory tests were made. 
The results of these tests are summarized below, for 
they have served as a useful guide in the develop- 
ment of the heavy-surge-current generator design 
and operating technique. 


1. For all numbered references see list at end of paper. 


waves produced by a 
3,000,000-volt surge-voltage generator 


Fig. 1. Surge current 


January 1934 


Briefly: The maximum current obtainable with 
the voltage generator short-circuited and all inserted 
resistance removed is of the order of 20,000 amp. 
This current (Fig. 14) is oscillatory, having a period 
of 5 wsec and a duration to half-crest value of 10 psec. 
With 600 ohms inserted in the generator, an exponen- 
tial discharge (Fig. 1B) of duration 4 to 5 usec is 


Fig. 2. Circuit 
diagram of one 
stair of the surge 
voltage generator 
with all capacitor 
groups recon- 
nected in parallel 


GROUND 
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obtainable with a crest-value of about 3,000 amp. 
These curreiit waves are generally characterized by 
an ill-defined front having superposed thereon high- 
frequency oscillations which are due to the effects 
of ground and to the short-circuiting tead from the 
high voltage terminal to ground. 

With an inductance of 100 to 200 wh inserted in 
the generator circuit, the initial rate of current dis- 
charge is decreased and for both the oscillatory 
and exponential waves, the oscillograms (Figs. 1C 
and D) therefore become well-defined on the front, 
but the maximum current generated is reduced 
materially. 

These preliminary investigations on the generation 
and measurement of surge currents definitely pointed 
out that as a prerequisite for the production of 
heavy surge currents it is essential that the surge- 
current generator circuit be of much lower impedance 
than prevails with the surge-voltage generator. 
They also suggested the desirability of eliminating 
the ground as part of the discharge circuit by con- 
fining the surge current to a definite path and em- 
phasized the necessity in current measurement tech- 
nique of the use of noninductive, constant-resist- 
ance shunts free from appreciable skin effect and 
unaffected by temperature. 


ADAPTATION OF THE 3,000,000-VoLT SURGE- 
VOLTAGE GENERATOR FOR HEAVY SURGE CURRENTS 


In the early work on heavy surge currents it was 
found from analysis that by paralleling the 30 
capacitor groups of the surge-voltage generator® and 
discharging them at the junction of the first and 
second stairs (see Fig. 6), it would be possible to pro- 
duce currents of the order of 75,000 amp and of a 
fundamental period of 30 ywsec and more. Simply 
stated, this analysis is as follows. 

The equivalent circuit of the first stair of capacitors 
(10 groups) is represented in Fig. 2. The aver- 
age distance of the 10 capacitances C from the dis- 
charge gap Gis D3. The 2 paralleling busses of ef- 
fective radius 7 are set D, distance apart. The ef- 
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fective lumped inductance considered in series with 
the total capacitance Cy) = 2.4 uf is approximately 


He 


D 
Ue = 0.28 (tos. 2) D3 + 0.28 (108. 3) D4 ph 


where the linear dimensions are in feet. On the 


Fig. 3. Simplified 
equivalent circuit 
of the surge volt- 
age generator re- 
connected for the 
production of 
heavy surge cur- 


rents. Measure- 
ment circuit also 
CATHODE RAY shown 
OSCILLOGRAPH 
(I)*MEASUREMENT WITH 0.0436-OHM SHUNT Fig. 4. Current 


oMEASUREMENT WITH 0.0364-OHM SHUNT 4 


(1) « MEASUREMENT WITH 0.0398-OHM SHUNT 
MEASUREMENT WITH 0.0195-OHM SHUNT 


output of surge 
voltage generator 
reconnected for 
the generation of 
current. The 30 
capacitor groups 
are all connected 

in parallel 


|. Paralleling strap 
0 30 40 60 80 100 20 conductors mounted 

CHARGING VOLTS on charging bus 
supports 


IN IONNNEDOMENEGONNNTAO NERO NN GOMMTONNNGO 
CONDENSER VOLTAGE (KV) 


Il. Paralleling bus bars mounted on terminals of capacitors 


basis of these simplifications the lumped circuit 
constants of the 3 stairs of capacitors are given in 
Fig. 3. The first and second stairs of capacitors are 
symmetrically disposed with respect to the dis- 
charge gap and therefore each of these contributes 
the same amount of current, calculated as follows: 


Oscillation impedance = i = 2 ohms 
0 
Period of oscillation, T = 247-7 LaCy = 31 usec 


The effective series resistance of the leads, busses, 
etc., taking into account skin effect® at 30 ke but 
neglecting other possible losses in the capacitors, at 
the discharge gap, etc., is 7, = 0.1 ohm. On this 
basis the fundamental oscillation would dampen 


“a 


from crest to half value in approximately ne = 
if 


4 oscillations. Then for a capacitor voltage EK = 
75,000 volts, the combined currents discharged at 
the gap from the first and second stairs of capacitors 
would be 70,000 amp. The third stair of capacitors 
is located well above the discharge gap, connecting 
thereto through a cable extension of 12-uh induct- 
ance. Accordingly, the third stair contributes a 
current of only about 20,000 amp and of 45 usec 
period. 

It was found that altogether a total current of ap- 
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proximately 75,000 amp at a period somewhat 
greater than 30 usec could be produced. Therefore, 
a scheme of paralleling busses was devised so that the 
surge-voltage generator could be utilized to produce 
heavy surge currents. The calibration curves of 
current in Fig. 4 and the corresponding oscillograms 
in Fig. 5 show that the experimental data obtained 
are in substantial agreement with the analysis based 
upon the simplifying assumptions stated above. In 


A 


ZERO: LINE (CABLE TERMINALS SHORTED aT sHuNT) 
ee seosatetnaamaameaaccneaes = 


THIS BEING SUPERIMPOSED ON THE NORMAL 
ZERO LINE TAKEN AT THE OSCILLOGRAPH 


20500 Amp, & 
n 
3 x 


Fig. 5. Oscillograms of surge currents produced 
with surge voltage generator reconnected for the 
generation of current 


Fig. 6. Laboratory view of surge voltage generator 
reconnected for current and of the adjunct current 


generator. Note the triple gap on platform 


Appendix I the circuit characteristics of surge cur- 
rent generators are treated more fully and in detail. 

The operation of the surge-current generator is 
much the same as in surge-voltage technique.”® 
The measurement of the currents are conducted as 
follows: Referring to Fig. 3, the generator circuit is 
connected to ground at one point only to eliminate 
current flowing therein; furthermore, the shunt is 
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inserted in the circuit at the grounded point and 
the voltage drop v, across the shunt is transmitted 
to and measured at the voltage plates of the cathode 
ray oscillograph. Then from the resistance of the 
shunt Rk, the current measured is 7, = v,/R,. With 
this arrangement of the surge current generator, the 
current measured at the oscillograph was found to 
be practically independent of effects due to ground; 
this is shown in the oscillogram of Fig. 5A. 

In Table I are summarized pertinent data on the 
first group of shunts that were used to measure surge 
currents as large as 75,000 amp. It was found that 
in comparing any 2 or more shunts, the same con- 
nections for the busses, leads, discharge gap, etc., 
had to be used since any changes in them would alter 
the circuit inductance sufficiently to affect the 
current generated for a given charging voltage. For 
example, the calibration curves I and II in Fig. 4 
show appreciable differences in the currents, these 
being due to alterations that had been made in the 
set-up of the busses. The 2 shunts compared with 
each other in curves I and II, respectively, while 
somewhat different from each other, both measure 
practically the same current. The characteristics of 
shunts for heavy surge current measurements are 
discussed in greater detail further on and also in 
Appendix IT. 

To render the wave form of the surge current 
aperiodic, or at least to simulate the aperiodic wave 
form, resistance is inserted in the current generator. 
In so doing the amplitude of the current is reduced. 
The characteristics of the current generated are 
given in the oscillograms of Fig. 7 and the relation 
between maximum current and inserted resistance are 
plotted in Fig. 8. It is of interest to note that the 


Re=.25 OHM 


45200 AMP, 41709. Ame 


Re «1.00 OHM. 


24500 Amp. 


Ro= 2.00 OHM 


15900 Amp 


Fig. 7. Oscillograms of surge current with resistance 
(Ro) inserted in generator 
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maximum current is independent of the arrange- 
ment of the resistors with respect to the discharge gap. 


DESIGN AND CHARACTERISTICS OF 
THE ADJUNCT SURGE-CURRENT GENERATOR 


The purpose in providing an adjunct current 
generator for use in conjunction with the parallel- 
operated surge-voltage generator already available 
was to produce surge currents of the order of 100,000 
amp or more. To accomplish this, the adjunct 
current generator had to be designed to have the 


Fig. 8. Current %, ReATIRT 
output as affected 100 1 ta Rs 
by resistance in- 90 Giga! ORT Te SRS 
serted in genera- 80 

tor. The 30 con- 


denser groups are 
connected in 
parallel. Load 
resistance is at the 
discharge gap 
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proper natural period and other electrical constants, 
to permit operating it successfully in parallel with 
the reconnected surge voltage generator. As shown 
in Fig. 6, the adjunct generator consists of 8 groups 
of 4 capacitors paralleled by 2 busses. 

The total capacitance of the adjunct is Cy) = 7.7 
uf. The equivalent series lumped inductance, cal- 
culated by the simplified method described previ- 
ously, is L, = 4.3 wh. Accordingly the character- 
istics of the circuit for a capacitor voltage of 75,000 
volts are as follows: Oscillation impedance = 0.75 
ohms; period of fundamentai oscillation = 2r- 
VL,Co = 36 wsec; maximum current of fundamental 
oscillation = 75,000 divided by 0.75 = 100,000 
amp. This calculated value of the maximum cur- 
rent generated by the adjunct does not take into 
account attenuation or the fact, as shown subse- 

uently in Appendix I, that harmonic oscillations are 


89 


superposed on the fundamental, both factors re- 
ducing the actual maximum current to a value some- 
what below that calculated above. 

Curve I of Fig. 9 gives the relation between the 
charging volts and the crest value of the current 


82000 Amp 


7 nonce. 


Fig. 10. Oscillograms of surge current 


A. Surge current produced by the adjunct surge current 


generator 
B, C, and D. Surge current for various conditions 


of load at discharge gap (2 generators in parallel) 


generated, and Fig. 10A gives the oscillograms show- 
ing the natural period and the wave form of the 
current. From these it can be seen that experi- 
mental data are in substantial agreement with the 
above analysis even though this analysis is based 
upon certain simplifying assumptions. It should be 
noted, however, that the first loop of the oscillograms 
is of rectangular wave form, this being due to har- 
monic oscillations superposed upon the fundamental, 
as discussed at length in Appendix I. 


RECONNECTED SURGE VOLTAGE GENERATOR 
AND ADJUNCT CURRENT GENERATOR IN PARALLEL 


To produce surge currents above 100,000 amp, the 
2 generators mentioned above are operated in paral- 
lel. The laboratory arrangement and also the 
triple discharge gap located on the platform are 
shown in Fig. 6. The total capacitance of the 2 
generators in parallel is 14.9 uf. The relation of the 
current output to the charging voltage is plotted in 
Curve II of Fig. 9. Oscillogram B of Fig. 10 gives 
the wave form and the period of the surge current. 
It should be noted that since the natural period of 
each of the 2 generators individually is between 35 
to 40 usec, the period for the 2 in parallel remains 
practically unchanged. However, the surge current 
output from the 2 generators in parallel is not the 
sum of the currents from each separately, but rather 
a value somewhat less; the reason for this is as fol- 
lows: The discharge circuit comprising the dis- 
charge gap and common to both generators has an 
appreciable inductance relative to the total circuit 
inductance. Furthermore, this common inductance, 
being well lumped and in series with the rest of the 
circuit, results in a wave form of current as shown in 
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the oscillogram of Fig. 10B, which can be seen to be 
substantially more sinusoidal than for the case when 
either of the 2 generators operates alone. 

The other 2 oscillograms in Fig. 10 are worthy of 
study. When increasing the load resistance to ap- 
proximately 3 ohms, the current output becomes 
practically equal to the voltage divided by the load 
resistance, and the wave form is then substantially 
exponential, rising abruptly to crest and receding 
to half crest value in nearly 40 ysec, as shown in 
oscillogram C. With zero resistance load and the 
length of the discharge path common to the 2 
generators increased, the period of oscillation is in- 
creased as shown in oscillogram D and the output for 
a given charging voltage is somewhat decreased, due 


Resistance shunts for the measurement of 
heavy surge currents 


Fig. 11. 


to the obvious fact that the total series inductance 
of the discharge circuit is increased thereby. 


SHUNTS FOR THE 
MEASUREMENT OF HEAVY SURGE CURRENTS 


As can be seen from Fig. 3, the technique of heavy 
surge-current measurement consists essentially of 
recording the voltage drop across a resistance shunt 
at the voltage plates of the cathode ray oscillograph. 
Since the voltage that can be measured at the os- 
cillograph is of the order of 1,000 volts, the product 
of the crest current and of the shunt resistance must 
be of this order. 

The requirements of a resistance shunt, intended to 
measure heavy surge currents with good engineering 
accuracy, are best understood by references to 
specific examples of shunt performance. The shunt 
must be practically noninductive. It must have a 
constant resistance independent of temperature and 
its conductor elements should be practically free 
from skin and proximity effects® within the range of 
frequencies measured. Furthermore it should carry 
the current without excessive heating. 

Conductors of No. 20 A.W.G. manganin wire, for 
example, twisted together noninductively as shown 
in Fig. 11, were found to satisfy the above require- 
ments in a good measure. The maximum surge- 
current carrying capacity of No. 20 manganin wire 
for the oscillatory waves (Fig. 5) is in the order of 
10,000 amp, so that the shunts with 20 elements in 
parallel, shown in Fig. 11, can carry 200,000 amp 
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satisfactorily. Shunts, described in Table I, were 


_ subjected to heavy surge currents up to the fusing 


point of the conductors; even then their resistance 
was found to remain substantially constant, as was 
the case, for example, with the shunts in Fig. 4. 
These shunts, although differing in construction, re- 
corded practically the same current values. 

A strictly noninductive shunt is difficult to realize. 
However, the inductive drop can be reduced prac- 
tically to a small amount relative to the ohmic drop 
by a disposition of conductor elements as shown 
in Fig. 11. For shunt resistances of the order of 
milliohms, the inherent inductance permissible should 
be limited to a value of the order of millimicro- 
henries, in order that the shunt may record surge 
currents of the time-characteristics under considera- 
tion within a few per cent deviation from true value. 

No less important in the construction of the shunt 
is the proper location of its potential terminals. It 
is essential that the leads from the core and sheath 
of the cable shall be as short as possible and that 
they connect directly to the terminals without open 
loops, since loops would inevitably entail mutual 
couplings with the discharge circuit and thus result 
in errors of measurement. The method of inserting 
the shunt in the discharge circuit is also important; 
for example, it will be noted in Fig. 11 that the cur- 
rent is made to enter at right angles to the plane of 
the shunt elements. Furthermore, if various shunts 
are to be compared with each other, for performance, 
the effective inductance of the generator discharge 
circuit must not be altered appreciably with the 


Fig. 12. Com- 
parison of current 
measurements 
made with differ- 
ent shunts. The 
30 capacitor 
groups are con- 
nected in parallel 
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Table I—Data on Shunts 


a ———— 


Current Max. 
Measured Current- 
Shunt per Inch Carrying 
Resistance! Deflection Description Capacity’ 
—Ohms on Film of Shunt? —Amperes 
—Amperes 
0.0436...... 19,500... .Six elements of No. 20 manganin.... 65,000 
wire in parallel, each element 
12 in. long 
0.0364...... 23.400....One element of No. 12 manganin....Greater than 
wire 5 in. long 40,000 
OOSOS=.5 o,o. 21,.400....Three elements of No. 20 man-.... 33,000 
ganin wire in parallel, 7 in. long 
OF0195s. 3 oe 43.600... .Six elements of No. 20 manganin.... 65,000 


wire in parallel, 7 in. long 


Skin and proximity 


1. D-c resistance measured with the Kelvin bridge. , 
sistance 


effects at 30 kc for manganin conductors here considered increase d-c re 
inappreciably 
2. Each element of wire is extended to half-length and twisted back onto itself 


noninductively 


3, Current that produced excessive heating of conductor and diffusive burning 
ofinsulation. Wave form of current as in oscillograms of Fig. 5 
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insertion of any one of the various shunts being com- 
pared since the comparison should be made on the 
basis of equal charging voltage applied to the current 
generator. 

Shunt B, Fig. 11, was found, both theoretically 
and experimentally, to conform with the cited re- 
quirements for a shunt good for very heavy surge- 
current measurement. Curve II in Fig. 12 is the 
current calibration of the generator with shunt B 
(0.00627 ohm). Shunt A measured values for 
current which were higher by a small percentage, as 
indicated in curve III. Curve I corresponds to a 
higher resistance shunt (0.0195 ohm) which had 
already been found in good agreement with other 
shunts of still higher resistance. 

Oscillograms A and B in Fig. 13 were recorded 
with the 0.00627-ohm shunt (shunt B) and the 0.0195 
shunt (Table I), respectively. These 2 oscillograms 
are practically identical in period, damping, and 
wave form. Oscillogram C was takei with shunt A 
(0.00579-ohm). This shunt has potential terminals 
at the ends of the copper plates. Shunt C is similar 
to A except that the 2 potential terminals are located 
on opposite copper plates, thus entailing a loop of 
the cable terminals in connecting. Oscillogram D 
was recorded with shunt C; it shows an even higher 
overshoot than oscillogram C, and accordingly a still 
higher measurement of current than with shunt A. 


RESUME OF INVESTIGATIONS OF DISCHARGES 
AND THEIR PHYSICAL CHARACTERISTICS 


Extensive tests have been made with heavy surge 
currents and there are good reasons indicating that 
these currents are fairly representative of the heavy 


Fig. 13. Oscillograms of surge currents taken with 
different shunts to illustrate their performance 


surge currents that are found in the field. This state- 
ment does not preclude the possibility of even more 
intense and still more rare, direct-stroke lightning- 
current discharges. ‘These are the reasons. 

First: The very heavy surge currents produced in 
the laboratory readily explode a No. 14 copper wire. 


91 


In this connection, a simple experiment conducted 
by Prof. E. C. Starr of Oregon State College is il- 
luminating. He erected a lightning rod on the top 
of a mountain peak and connected it to conductors 
laid along the sides of the peak. In this path, which 
completed the lightning discharge to earth, he in- 
serted sections of different-sized copper wires con- 
nected in series, making it possible to determine the 
fusing effects of the very heavy currents in a direct 
stroke. The conclusions from this experiment and 
from similar observations of the kind are that the 
current in a direct lightning-stroke can be expected 
to fuse copper wires of No. 14 and smaller, but that 
larger conductors will ordinarily conduct the current 
successfully to ground. Similar data have been 
obtained by the author with a lightning stroke at 
Sharon, Pa., where No. 10 copper wire of a radio 
antenna was beaded at the point of contact with the 
stroke, but not fused. Observations by other in- 
vestigators are in substantial agreement with these 
findings.%1°11 

The following relationship of the current for a 
single lightning discharge that would produce fus- 
ing of a copper conductor is of great interest, since 
it makes possible an estimate of the current in a 
lightning stroke from observations on the fusing of 
conductors: 


Te = 320,000 aS 


Va 
The formula is deduced directly from the curves of 
Fig. 14, which were determined experimentally in 
the laboratory. (On account of skin effect, the 
effective area A used should be somewhat less than 
its physical value for 7 = 20 to 60 usec and for large 
size solid conductors of 1.3 mm diameter and greater.) 
The symbols are defined in Appendix III, where the 
expression is arrived at with good approximation 
from theoretical considerations.!? Similar expres- 
sions have been obtained for other wave forms of 
current and for conductors of other materials, 
the constant being a function of the wave form and 
of the material. The expression for fuse links as 
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ordinarily used in distribution systems is in sub- 
stantial agreement with the data published by other 
investigators." 

Second: Field experience has revealed valuable in- 
formation on direct or near-direct strokes of light- 
ning at distribution transformers provided with de- 
ion gap protection. The plugs or electrodes of the 
deion gaps discharging these heavy surge currents 
were marked on their faces with a “‘klydonograph’”’ 
figure or record. These figures when compared with 
similar figures obtained on deion gaps tested with 
known heavy surge currents in the laboratory 
showed marked similarities in all respects, indicating 
that the currents in the laboratory were closely com- 
parable to those that have occurred in the field. 

Third: It is well known that in cases of a direct or 
near-direct strokes of lightning at distribution trans- 
former installations, fuse cutouts and similar appa- 
ratus have been completely destroyed and shattered. 


Fig. 15. 


Surge current discharge, slightly above 
100,000 amp 


Similar effects have been produced in the laboratory 
with heavy surge current tests and with heavy surge 
current tests combined with power excitation. 

The light produced by these heavy surge-current 
discharges is intense in brilliancy and blinding, much 
the same as when looking directly at the sun. The 
sound produced by the are discharge, although the 
arc is only several feet long, is uncomfortable and 
even painful to the ear. The diameter of the 
incandescent part of the arc is of the order of one 
foot and more. In Fig. 15 is illustrated a heavy 
surge-current discharge of 100,000 amp. 


Appendix | 


The circuit of the surge current generator of Fig. 2 is represented 
in Fig. 16A as an ideal network with distributed constants. Neg- 
lecting for the moment the effect of resistance and other losses, 
traveling waves of voltage and current aré then set up as given in 
Fig. 16B. The voltage and current at any point are plotted in 
Fig. 17A and B as functions of time ¢. The equations of current 


ELECTRICAL ENGINEERING 


Fig. 16. Surge 
current generator 
with distributed 

constants 


A. Circuit of surge 
current generator 
having distributed 

constants 


B. Traveling waves 
of current and volt- 


age in the distributed 
circuit 


and voltage as a function of time then can be arrived at conveniently 
from the Fourier integral theorem. Expressed in their final solution, 
they are as follows: 


k=o0 
See L (5) pl at? (1) 
pee 7 ee NEN Jee NOT - 
k=1 
and 
k=o0 
4 1 "5 wit 2rkt 
pa E ) zon (Fr) s (=) (2) 
k=1 . 5 
where k = 1,3, 5, etc. 
Rae and Cy =, NG 


Fundamental period, T = aa =44/L,C since v = 


Surge impedance, Z = J a = J o 


It can be demonstrated readily that eqs 1 and 2 satisfy the general 
differential equations: 
On On O€n 
=a : Aer a gy gigiekes 
on OP eon ot 
Next, considering the dissipative characteristics of the distributed 
circuit in Fig. 16A, with particular reference to the current at the 
discharge gap, and denoting the total distributed resistance as Yo, 
then in accordance with the classical theory!*!> the waves in Fig. 
17B would decay at substantially an exponential rate, i. e., 


But the resistance of large-section copper conductors, as well as 
losses in the dielectric of the capacitors, are both functions of the 
frequency of oscillation. As an illustrative example, let it be 
assumed that the effective resistance increases in direct proportion 
with the frequency, then the fundamental and harmonic oscillations 
in eq 1 would dampen from crest to half-crest value in the saine 
number of oscillations. Considering the case where the amplitude 
of the oscillations dampen to half-crest value in 3 oscillations, then 
introducing damping factors in eq 1 and dropping the negative sign 
for convenience, the current discharged at the gap is plotted in the 
curve of Fig. 18. This curve clearly indicates that on account of 
the rapid damping of the higher-frequency oscillations, the current 
assumes practically a sinusoidal wave form after a few oscillations. 
On the basis of still greater damping with frequency than stated 
above, the current would assume still more rapidly practically a 
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Fig. 17. Voltage 
and current as +e 
functions of time 
for the distributed 
circuit of Fig. 16A 


CONDENSER VOLTAGE AT 
END OF NETWORK ,n=N 


CONDENSER VOLTAGE AT 
POINT n OF NETWORK 


(Time ,t) 


(A) 


CURRENT IN NETWORK 
AT POINT n 


CURREN 
AT END 


Fig. 18. Damp- 
ing of current at 
the discharge gap 
for the distributed 
circuit of Fig. 16A 


sinusoidal form. To be sure, the exact determination of the damping 
factors at high frequencies involves many complications; however, 
a close determination of these factors is not of vital importance 
here and therefore further detailed analysis is considered to be beyond 
the scope of the present work. 

In practice, the capacitor bank connects to the discharge gap 
through leads of appreciable length, shown as Dg, in Fig. 2, thus 
introducing at the discharge gap in Fig. 16A an appreciable lumped 
inductance relative to the total distributed inductance Zp. Further- 
more, the capacitor groups C are not uniformly distributed but 
lumped into a finite number of groups. In addition, each group of 
capacitors connects to the 2 paralleling busses through leads which 
are short but which nevertheless entail some inductance and resistance 
in series with each C. Considering these modifications introduced 
in the ideal distributed network in Fig. 164, the combined effect is 
to round off the otherwise rectangular shape even of the first loop 
of the current as can readily be seen from the oscillograms shown. 
In fact, the total effect, due to these practical considerations, is to 
modify the ideal distributed network by the introduction of lumped 
constants of appreciable magnitude, so that practically speaking 
the resultant network can be analyzed with reasonably good approxi- 
mation as an equivalent capacity-inductance-resistance series circuit. 
The good approximation obtained from this simplification is well 
borne out by the 2 examples in the early part of this paper. 

The following observation is of further practical interest. In the 
case of the ideal distributed network, Fig. 16A, with a load resistance 
Ry, = Z at the discharge gap, the current at the gap would be a 
single rectangular discharge of duration 0.5T = 2 WLoCo and 
amplitude E/2Z. This point is illustrated in the oscillograms of 
Fig. 7, but due to modifications in the distributed circuit produced 
by lumped circuit constants the end of the rectangle does not drop 
abruptly but is drawn out in an approximately exponential form. 


Appendix Il 


Referring to Fig. 3, let the resistance of the shunt be R,, the self 
and mutual inductance L,; then, the voltage drop across the shunt 
set up by a current 7 = f(t) which rises from zero to crest value and 
recedes gradually to zero, is 


d 
e = Ri) + LFF (3) 
In general, the current rises more rapidly to crest than it recedes 


from crest to zero value. Then, denoting the average rise of the 
front as taking place in time J’, for practical purposes the ratio of 


inductive drop superimposed on the ohmic drop is a. rere 
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fore to eliminate a possible overshoot on the current oscillogram 
L, 
due to the inductive drop, the time constant R of the shunt should 


8 
be kept substantially smaller than the time T’. For example, in 
measuring a surge current rising exponentially to crest value at the 
initial rate of rise to crest of one microsecond, the permissible in- 
ductance for a 10 milliohm shunt should not exceed 5 millimicro- 


henries. 


Appendix Ill 


The surge current required just to produce fusion of a conductor 


is here derived from fundamental considerations. Let 
_ 0.698 ; 
4 = I (maz) e L be the surge-current discharge where, 


time in microseconds 


= 
ll 


T(max) = crest value of current in amperes 
= duration of current discharge from crest to half-crest 
value in microseconds; 
and, 


A = cross-sectional area of conductor in square millimeters 

6 = melting point of conductor in degrees C 

d = specific density of conductor 

¢ = mean resistivity of conductor from zero degrees C to 6 deg C 
5s = mean specific heat of conductor from zero degrees C to 0 deg C 
Sf Joule’s mechanical equivalent of heat = 4.18 


Il 


Then from the law of conservation of energy, equating the amount 
of heat generated per unit length (one centimeter) of conductor by 
the passage of the stirge current to the amount of heat per unit 
length of conductor required to raise its temperature from zero 
degrees C to 6 deg C, 


100¢ a LOO cA Gre ele <1 O moO Asa 
ach che I? (maz) S Ie di ae = 


A A 1.386 “100 


Mees) = 4 (580) = Te (4) 


For example, introducing the physical constants!? of copper in the 
equation = 1,080id = 8930s = O17; 6 = 5:30) x 105% 
y 


I (maz) = 350,000 —= 


4 
Vi 
which agrees quite well with the expression obtained experimentally: 


T(maz) = 320,000 = 
Ts 


V 
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Chap. XII. 


A New 
Demand Meter 


A new demand meter has been developed 
which is suitable for attaching to either a 
single-phase or polyphase watthour meter, 
and which appears to have an accuracy and 
all around serviceability approaching that 
of the watthour meter itself. It has a 
definite law for averaging loads, and is 
smooth in operation. 


By 
B. H. SMITH 


ASSOCIATE A.1.E.E. 


Westinghouse Elec. and Mfg. Co., 
Newark, N. J. 


V xs early in the development of the 
electrical industry, the watthour meter was produced. 
Its record for ease of maintenance and for doing 
continuously just what it is supposed to do is un- 
surpassed by any other piece of apparatus in the 
electrical or any other field. Millions of these 
meters have been manufactured and installed and 
kept running year after year with a minimum of 
maintenance cost and with unparalleled accuracy. 
Now, in addition to a charge for watthours, which 
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is based upon the measurements of the watthour 
meter, 1t is necessary to make a charge for “ability 
to serve” on a ‘“‘demand’’ basis, especially to users of 
large amounts of electrical energy. 

The subject of demand measurement has been 
expounded to the fullest extent by many authors, 
particularly by P. A. Borden (see “The Measure- 
ment of Maximum Demand and the Determination 
of Load Factor,” A.I.E.E. TRAnNs., v. 39, 1920, p. 
1847-83) and by Prof. P. M. Lincoln (see “Rates 
and Rate Making,” A.I.E.E. Trans., v. 34, 1915, 
p. 2279-318, and “The Character of the Thermal 
Storage Demand Meter,” A.I.E.E. TRANSS AV. 37, 
1918, p. 189-210). 

A number of different types of demand meters 
have been developed and have been commercially 
successful, but none of them has approached the 
ideal set by the watthour meter itself. Such an 
instrument should follow a definite law embodying 
the average loads for a given billing period and 
should avoid the mechanical difficulties of periodi- 
cally tripping and resetting mechanisms. A new 
demand meter which embodies these principles is 
described in this paper. The record of the perform- 
ance of this meter already obtained and a study of its 
mechanical construction indicates that it will register 
demand with great accuracy and, perhaps, approach 
the high ideal of good service set by the watthour 
meter. 


OPERATION OF MECHANISM 


The meter is suitable for attaching to either a 
single-phase or polyphase watthour meter. The 
conventional pointers for registering watthours are 
accompanied by a 300 deg demand scale with de- 
mand pointer and maximum hand. A representa- 
tion of the principal parts of the mechanism with 
its connection to a watthour meter disk is given in 
Fig. 1, and a view of the mechanism is shown in 
Fig. 2. In Fig. 1, A and B are small bevel or crown 
gears which with a planetary gear G form a differen- 
tial which through the relative speeds of its parts 
controls the angular position of the planetary gear G 
which carries with it an involute cam C. The cam 
C is mounted on a shaft which connects with the 
demand pointer D. A solid aluminum ball rests 
against the edge of the cam and is positioned be- 
tween a driving disk E and a driven drum or roller 
F. At the “zero” position of the cam, the demand 
pointer is at zero on the scale and the ball is held 
at the exact center of the driving disk E. The gear 
A of the differential is driven by the watthour meter 
with a proper reduction in speed, and the gear B 
is driven by the drum F of the ball mechanism. As 
long as there is no load on the watthour meter, 
and if the ball is at the zero position, as mentioned 
above, the differential remains at rest and the driving 
disk E simply rotates at a constant speed due to a 
connection with the synchronous timing motor, 
but no motion is imparted to the ball and the demand 
pointer remains on zero. 

Now, if a load is applied to the watthour meter, 
its side of the differential is driven at a speed pro- 
portional to this load, the cam begins to move, and 
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since the drum F is tilted at a slight angle, the ball 
follows the cam and moves a little away from the 
center of the disk E. Immediately the ball begins 
to rotate about an axis which is parallel to the 
drum and which passes through the contact point 
between the ball-and cam so that there is no fric- 
tion at this point to prevent free rotation. Since 
the ball is resting on the drum F and rotating about a 
parallel axis, the drum is driven at the same surface 
speed as the ball and in turn drives the gear B in a 
direction which is arranged to be opposite to that 
of gear A. Thus the motion of the planetary gear G 
with the cam C is equal to the difference between A 
and B; therefore, if for any position the speed of 
B is equal to A, the cam remains in that position. 
Referring again to the position of the ball against 
the driving disk EF, it is evident that the rotational 
speed of the ball and, consequently of the drum F 
is proportional to the distance of the ball contact 
point from the center of the disk E, which distance is 
exactly proportional to the angular position of the 
cam since the radius or “‘rise’’ of an involute cam is 
exactly proportional to its angular position. Then 
for any given load and corresponding rotational 
speed of A, there is a definite position of cam which 
will give an equal and opposite speed of B; there- 
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Fig. 1. 


. Watthour meter side of differential 
Timing side of differential 
Involute cam carried by center of differential 
Demand hand 
Ball driving disk 
Drum driven from ball 
. Planetary gear of differential 
. Maximum hand 


Perspective view of mechanism 
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fore, the cam simply moves until this balance point 
is reached and remains there until the load on the 
watthour meter changes to a new value. 

Since the rate at which the cam with the de- 
mand pointer D moves is equal to the difference in 
speed between A and B, it is evident that this 
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rate starts off at a relatively high value then be- 
comes less and less as A minus B approaches zero, 
and the time to reach the balance point fully is very 
long. Thus the advance of D over the demand scale 
is rapid at first but becomes less and less as the final 
position is approached. For the same change in 
load, the descending rate as the demand pointer 
returns to zero is exactly the same as the ascending 
rate. Thus if the watthour meter stops, the gear B 
simply continues to rotate and carries the cam in 
the reverse direction at a slower and slower speed 
until finally the ball is again at the center of the 
disk E and all motion stops. 


DETERMINING LENGTH OF DEMAND PERIOD 


All of the above is analogous to a thermal meter 
where the pointer moves at a constantly decreasing 
speed or rate until the escape of heat just balances 
the heat input due to the watts in the circuit being 
measured. In both cases the time element to 
reach the 90 per cent point is given by the equation 
t = T log a or t = 2.302 T, where T is the time 
which would be required to reach the former bal- 
ance point in the thermal meter if there were no 


Fig.2. Side view 
of demand meter 
showing ball 
mechanism 


escape of heat. Since it is impossible to avoid the 
escape of some heat, the time element of a given 
design of thermal meter may be determined and 
adjusted only by experiment after first building a 
model and operating it with various adjustments 
until the desired value of t is found from which the 
value of T may be calculated. In the new mechani- 
cal logarithmic meter under discussion, however, 
we may simulate the desired condition by simply 
stopping the synchronous motor. Then the watt- 
hour meter will carry the cam with its attendant 
demand pointer forward at a constant speed and 
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will reach a given point in a time which is determined 
by the gear ratio between the watthour meter and 
the demand pointer, and which is the value of T 
in the above equacion. As an example, suppose 
that a 30-min meter is desired. Then if gears are 
selected by which the watthour meter at full scale 
speed brings the pointer to full scale in 30 divided 
by 2.302, or 13.02 min, there results what may be 
called a 30-min logarithmic meter; that is, if a 
steady load is applied with the synchronous motor 
running the pointer will reach 90 per cent of its 
final reading in exactly 30 min. Likewise, if it is re- 
quired to design a 15-min meter, the gears must be 
such that the pointer will reach full scale in 6.51 
min with the synchronous motor stopped. For 
the descending or cooling curve, if the watthour 
meter stops, the gearing from the synchronous 
motor through the ball mechanism to the differential 
must be such that with the ball mechanism held at 
full scale position, the pointer will return to zero in 
13.02 min and 6.51 min, respectively. Tests on 
this time characteristic show that this type follows 
the law with precision while in thermal meters there 
are small discrepancies due to certain physical 
limitations of available material and also due to the 
fact that heat escape is not exactly proportional to 
temperature. 


EASE OF CHECKING, AND OPERATION 


Another interesting feature is the ease of checking 
the time element and general condition of meters 
in service. This new demand meter may be manu- 
ally reset to zero at will and the time necessary to 
reach a given indication measured with a stop watch. 
Thus is avoided a long wait which would be necessary 
if the meter had to be disconnected from the load 
and allowed to return itself to zero along its normal 
logarithmic curve. 

From a mechanical standpoint, the construction 
of the mechanism is very attractive. The operation 
is smooth and continuous; there is no tripping or 
sudden resetting or parts which might cause them to 
get out of order. The load on the timing motor is 
very small. The added load on the watthour meter 
can hardly be detected and is approximately the 
same as a standard watthour gear train. The 
question might be raised as to whether there is ever 
any slipping of the ball. In order to make cer- 
tain that no slipping occurs even under the worst 
conditions, tests were made with the maximum hand 
friction adjustment tightened up until the torque 
required to move it was many times normal, yet 
there was no measurable error in the rotational speed 
of the ball side of the differential. 

It should be apparent from the description of this 
instrument that the operation involves only well- 
known mechanical elements, such as gears, pinions, 
differentials, etc., a friction drive ball element such 
as has been in successful use for many years in a 
kilovoltampere demand meter, and a low speed type 
of synchronous motor. Therefore, it is believed 
that the result should be comparable in life and 
reliability to its associated device—the watthour 
meter itself. 
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An Economic Study « 
Suburban Distribution 


Results of a recently completed study of 
methods of increasing the distribution 
facilities in Somerville, Mass., are pre- 
sented in this paper. The economic study 
included several different plans covering 
a 10-year period, and as a result a plan 
is proposed which permits modification 
to suit future conditions. 


By 
A. H. SWEETNAM 
MEMBER A.1.E.E. 
Ge A. CORNEY Both of The Edison Elec. 
MEMBER A.i.E.E. Illum. Co. of Boston, Mass. 


Meesnons of providing for the relief 
of an existing radial substation in Somerville, Mass., 
a city of 105,000 population and comprising an area 
of approximately 4 sq miles, were recently sub- 
jected to study. Several plans for providing addi- 
tional transmission, substation, and distribution 
facilities were considered; these included one or 
more of the following possibilities enlarging the 
present substation, building a new attended or an 
automatic substation, and installing a primary net- 
work with a number of different possible transformer 
arrangements. The 10-yr period from 1933 to 1942, 
inclusive, was used as a basis for the study, and 
consideration was given to engineering features as 
well as to economics. 

As a result of this study, it is proposed to install 
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Fig. 1. Map of the city of Som- 
erville, Mass., with East Somerville 
area shown outlined 


January 1934 


initially one 2-transformer network unit at a load 
center in East Somerville, supplying 3 radial circuits. 
It is also proposed that when the load has increased 
sufficiently, a second 2-transformer unit be installed 
at another load center, with a possible interconnec- 
tion of part of the radial circuits from the original 
and second units. A valuable feature of this plan is 
that still further expansion may be secured with a 
network system involving 2-transformer units, or by 
forming a network supplied by single-transformer 
units. The latter plan involves removing the second 
transformers from the original units and using them 
with new switching units at new locations. 


EXISTING FACILITIES 


The position of the existing radial substation in 
Somerville is shown in Fig. 1. This substation, 
which is located about 0.7 of a mile from the present 
load center, is relatively old, and contains consider- 
able equipment which has reached the limit of its 
load carrying and short-circuit interrupting capacity. 
The firm capacity of this substation is 8,000 kva 
with the largest transformer bank out of service. 
The load is approximately 9,000 kva. 

The substation is an attended station supplied by 
8 13.8-kv transmission lines having a firm capacity 
of 30,000 kva. This excess transmission line ca- 
pacity is due to the fact that initially 5 lines served 
the entire northern district from the L Street generat- 
ing station, but with the advent of a new 110-kv 
substation located in this area, the load was served 
from the new station by means of 3 new transmission 
lines. 

The distribution system consists of 9 4-kv 3- 
phase 4-wire lighting circuits having an average 
capacity of 1,400 kva per circuit and 4 4-kv 3- 
phase 3-wire power circuits with an average capacity 
of 1,200 kva per circuit. 


PLAN 1—ENLARGE PRESENT SUBSTATION 


The first alternative considered was to increase 
the firm capacity of the present substation to 14,000 
kva by the installation of another transformer bank. 


@® PROPOSED EAST SOMERVILLE 
AUTOMATIC SUBSTATION 


(000 2000 
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In connection with this work it would be necessary 
to replace the existing 4-kv circuit breakers with a 
more modern type having a higher interrupting 
capacity, and to rebuild the existing 4-kv bus struc- 
ture to accommodate additional distribution circuits. 
The ultimate development of this plan would provide 
for a second transformer bank to increase the firm 
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Fig. 2. Transmission and distribution systems for 
automatic substation (initial and ultimate installa- 
tion, plan 3) 


capacity to 23,800 kva. At this time it would be 
necessary to add another 13.8-kv bus section and to 
replace the existing 13.8-kv circuit breakers with a 
more modern type having a higher interrupting 
capacity, but it would not be necessary to add any 
more transmission lines. Another section would be 
added to the 4-kv bus to provide for additional dis- 
tribution circuits. 

Transmission and distribution diagrams for plan 1 
are not presented here, as initially the transmission 
and distribution systems would remain unchanged, 
and in the ultimate development the transmission 
system would still remain unchanged, and the ex- 
pansion of the distribution system would depend 
upon the location and nature of the load growth. 


PLAN 2—ABANDON PRESENT SUBSTATION AND BUILD 
New SUBSTATION 


The second alternative provided for a new, at- 
tended substation located at the estimated future 
load center which would contain one new 7,500-kva 
transformer bank in addition to 2 5,250-kva banks 
taken from the present substation, thereby giving 
the new substation a firm capacity of 12,000 kva 
based upon zero degrees C ambient temperature, 
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under which condition the 7,500-kva banks were 
given an overload rating of 9,800 kva, and the 5,250- 
kva banks were given an overload rating of 6,000 
kva. 

Transmission lines feeding the present substation 
would be extended to the new location, there ter- 
minating in 2 13.8-kv bus sections equipped with 
350,000-kva circuit breakers. 

Initially there would be 3 4-kv bus sections 
equipped with 150,000-kva circuit breakers and 
accommodating 21 distribution circuits, 16 of which 
would be completely equipped. The distribution 
circuits themselves would consist of 350,000-cir-mil 
feeder cables installed from the substation to pick 
up the existing distribution circuits. 

The ultimate development provides for the in- 
stallation of another 7,500-kva transformer bank to 
increase the firm capacity to 21,800 kva. The 13.8- 
kv busses would not be altered, but another section 
would be added to the 4-kv bus thereby providing 
for a total of 28 distribution circuits, 23 of which 
would be completely equipped. The necessary 4-kv 
circuits would consist of 350,000-cir-mil feeder 
cables run out to their respective load centers from 
which point the distributors would be extended to 
pick up the load. 

Transmission and distribution diagrams for plan 
2 are not presented here, for the same reasons that 
they were omitted for plan 1. 


PLAN 3—BuILD NEw AUTOMATIC SUBSTATION 


The next alternative considered was to maintain 
the existing substation at its present capacity of 
8,000 kva initially, and to supplement it with a 
new automatic substation, located approximately 
1.5 miles from the first. It was proposed to install 2 
7,000-kva transformer banks and 2 13.8-kv bus 
sections in the new station supplied from loops of 2 
nearby transmission lines. This would give the new 
substation a firm capacity of 9,800 kva, and in order 
to distribute this energy it was proposed to install 
1 4-kv bus section to provide for 7 distribution 
circuits, 4 of which would be completely equipped. 
The 4-kv circuits would consist of 350,000-cir-mil 
feeders installed out to load centers as shown in 
Fig. 2. 

The ultimate development would provide for the 
installation of a new 7,500-kva transformer bank in 
the present substation which would necessitate the 
changing of the existing 4-kv breakers to a more 
modern type. This would increase the firm capacity 
of the system to 23,800 kva, 9,800 kva of which 
would be in the new substation, and 14,000 kva in 
the old substation. Under these conditions, 2 new 
350,000-cir-mil 4-kv feeder cables would be installed 
to their respective load centers in order to pick up 
the additional load. 

The completion of this work would provide 2 
modern substations with combined firm capacity to. 
supply the 10-year ultimate load in Somerville, 
with consequent increased reliability of service, 
decreased distribution costs, and reduced interrupt- 
ing duty on all circuit breakers. 


ELECTRICAL ENGINEERING 


PLANS 4 AND 5—PRimary NETWORK SCHEME 


_ The Boston Edison Company has had in operation 
since February 1932, a primary network system 
supplied from 3 1,500-kva network units in the 
Brighton and Brookline area which was installed 
after an extensive study had shown it to be the most 
suitable method of providing relief for the existing 
overloaded substation supplying this area. In view 
of its highly successful operating experience with this 
network, and also as a result of comparative studies 
made for supplying service to an entirely new area 
both by means of a radial substation and by a pri- 
mary network system, in which the network showed 
a saving of approximately 20 per cent over the radial 
system, it was decided to make a study of the pos- 
sibility of relieving the existing Somerville station of 
some of its load by the installation of a primary net- 
work. 

An area comprising approximately 1.5 sq miles 
in East Somerville was chosen for this study. This 
is the area enclosed with the heavy line in Fig. 1. 
The peak-load in this area, which is approximately 
3,400 kva is now supplied by 4 3-phase 4-wire 
lighting circuits and 3 3-phase 3-wire power circuits, 
with a total of 10.6 circuit miles of overhead con- 
struction and 5.6 circuit miles of underground con- 
struction. 

It was proposed to install network units which 
would have a normal rating of 2,000 kva with blower 
equipment and a rating of 2,500 kva under ambient 
conditions of zero degrees C, either in underground 
vaults, or above ground on concrete mats, depending 
_ upon local conditions. On this basis the installation 
of 3 primary network units would provide a firm 
capacity of 5,000 kva with one unit out of service, 
which would take care of the initial demands and 
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Fig. 3. Transmission and distribution systems for 4 
single-transformer network units (initial installation, 
plan 5) 
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provide considerable spare capacity. Preliminary 
costs showed, however, that the increased cost of 
this street work over that of a similar 4-unit network, 
due to the less favorable locations of the units with 
respect to existing copper, would nearly offset the 
additional cost of the fourth unit, and as a 4-unit 
network has certain inherent advantages over one 
with 3 units, no diagrams or further studies were 
made for the latter scheme. 

A transmission and distribution system diagram 
for the initial network installation is given in Fig. 3, 
showing the location of the 4 primary network units, 
transmission lines, network mains, taps, and tie 
connections to existing radial circuits. A similar 
diagram for the ultimate network installation sup- 
plied from 6 primary network units is given in Fig. 
4. Taps from the network mains have been omitted 
from this diagram due to the uncertainty of the 
location and nature of the load growth. 

In practically all cases sufficient conductors were 
available to form a 4-wire main between units by 
combining existing power and lighting circuits and 
removing the extra conductors. In no case was it 
necessary to increase the size of any of the con- 
ductors, as No. 1/0 was the smallest size encountered 
and previous studies have indicated that this size is 
sufficient for all network needs. Very little rephas- 
ing was required as the single-phase circuits were 
taken over intact and the 3-phase transformers cut 
over where necessary. 


PLANS 6 AND 7—RADIAL CIRCUITS 
SUPPLIED From NETWORK UNITS 


During the progress of the network study it be- 
came more and more apparent from the nature and 
the location of the load, and from the location and 
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Fig. 4. Transmission and distribution systems for 6 
single-transformer network units (ultimate develop- 
ment, plans 5 and 6) 
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arrangement of the existing transmission lines and 
4-kv distribution circuits, that there was sufficient 
justification to warrant the making of a study for 
supplying the load in this same area by means of 
radial circuits supplied from primary network units. 

It was proposed to add a second transformer to a 
standard network unit and connect it to the 4-kv bus 
through one of the feeder circuit breakers, thereby 
leaving 3 breakers available for distribution circuits. 
This second transformer would be supplied from a 
separate transmission line so that each 2-transformer 
unit would have a firm capacity with one line out of 
service of 2,500-kva. 


Fig. 5. Transmission and distribution systems for 2 
2-transformer units (initial installation, plans 6 and 7) 


Table I—Initial Capacities and Initial Costs 


These 2-transformer units would be installed above 
ground, either on concrete mats using weather- 
proof units, or the switch units themselves might be 
installed in a small building. eet: 

One very attractive feature of this plan lies in the 
fact that an existing radial system can be relieved 
of approximately 2,500 kva of load at a relatively 
small cost by the installation of one of these 2- 
transformer units at some load center where short 4- 
kv feeders can conveniently be run out to pick up 
existing distributors. As the load continues to 
grow, a second 2-transformer unit can be installed 
at another load center, as in Fig. 5. Two of the cir- 
cuits out of this unit can be arranged for inter- 
connection with 2 circuits out of the first unit, if 
short-circuit studies show that satisfactory relaying 
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Fig. 6. Transmission and distribution systems for 4 
2-transformer units (ultimate development, plan 7) 


Table II—Ultimate Capacities and Ultimate Costs 


Per Cent 
Firm of Plan 
Method of Providing Capacity Capacity Cost* No. 2 


1. Enlarge and rebuild present substation.....14,000 kva. . $182,250 
2. Abandon present substation and build new 

RPE ENG CERIO INatera ote 'are (eials ale) ota (eis ante iwi ce piatevesacciscsveteiater oj OOO uiVias 
3. Maintain present substation and build new 
RULOMIAUICISUDSTAUION cc vecierde le cloned esi ciel ove 0,000 Kvan. 
4. Maintain present substation and install 

primary network with 3. single-transformer 

MCS ee iee here aiisiiisiette «de. cee,2 deieineierecstivse Lo,000'Kkva.s, 
5. Maintain present substation and install 

primary network with 4 single-transformer 

FENG Mee ana a si arctar nic EMA Retais es leinw ciied mee SOS DOO K VA... 
6. Maintain present substation and install 

primary network starting with one 2-trans- 

POPOL OUMNH aaa: 6 Deisistic cle iclerets «ltrs </sccas ee 10,500/ kya, 
7. Maintain present substation and install 

primary network starting with one 2-trans- . 
PSEERNINC sv oles se nie ove ce dnaene Oo cr an cote LO, DOO, EVES « 


.. 30.6 
. 596,750. .100.0 


325,700.. 56.2 


212,050.. 35.6 
235,500. . 39.4 
77,000. . 


77,000.. 12.9 


* These cost figures include land costs as well as costs for station and street 
work, 
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Per Cent 
Firm of Plan 
Method of Providing Capacity Capacity Cost* No. 2 


1. Enlarge and rebuild present substation. .. . . 23,800 kva. .$433,750.. 56.0 
2. Abandon present substation and build new 
SUDStatiOnire « aicwusee aeietare oe eateries aerate DOUG KV Geis 
3. Maintain present substation and build new 

automatic substation, ..20. cte.neisisre cites cloister LO; S00 VA she 
4. Maintain present substation and install 

primary network (grown from 3 to 6 single- 

transformer units) ic; sees as ns eee beeen + CO,DO0 KV ar 
5. Maintain present substation and install 

primary network (grown from 4 to 6 single- 
transformer tinits) 2). cer ae aatcree ie etelteetee sere OOOO tens 
6. Maintain present substation and install 

primary network (grown from one 2-transformer 

unit to 6 single-transformer units)............ 20,500 kva. 
7. Maintain present substation and install 

primary network (grown from 1 to 4 2-trans- 

former units):......... wa move eo ,OOU KVBes 


773,000. .100.0 


520,000.. 67.4 
379,550.. 49.1 
362,000.. 46.8 
. 362,000.. 46.8 


330,000... 42.7 


* These cost figures include land costs as well as costs for station and street 
work. 
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Table IlI—Plan No. 1; Enlarge Present Substation 


New Fixed Present Present 
; Invest- Charges Value Value 
Year Station Land Street ment at 12.5% at7% at 15% 


he PPLS2;200. 6 seem ress sss ss -R182,250, .§ 22,800. .¢ 22,800. .$ 22,800 


237 O-hSMTOENC CG CuCPRERERE 22,800.. 21,300. 19,800 
POD ee eR ite miette aciette eahs ore cio iateny-1) 225800.» + 19,900... 17,230 
EOS Ome ted itil cclr ea serak cemcanayhn  22'800.4. 18:600., 15,000 
ROSE Me erin vo a tiie) tage iets stearic. ae 622,800)... 17,400... 13,080 
1938... 32,000...........$20,000.. 234,250.. 29,800.. 20,900.. 14,580 
DS O Remained dere Nclieeoie cl tre) sins alavaisie cle ern aidva ole 29,300.. 19,500.. 12,680 
MIAO eile sie isi pr) tsiehsic sie(ripie sos ast ees 1212295800. . 18/250... 11/000 
1941... 179,500............20,000.. 433,750.. 54,200.. 31,550.. 17,700 
MAD Senin mene ul setomeveln chats uate ws ayars Sind ein eoists 54,200.. 29,500.. 15,380 

$310,300. .$219,700. . $159,250 


Table IV—Plan No. 2; Abandon Present Substation and 
Build New Substation 


New Fixed Present Present 
Invest- Charges Value Value 
Year Station Land Street ment at 125% at7% at 15% 


1933... $491,750. . $15,000. . $90,000. . $596,750. .$ 74,500. .$ 74,500. .$ 74,500 


1934.. 74,500.. 69,600. 64,800 
SO SORE teeters lait (lle ei citer cron eine aicansmen (4,000. 960,100... 56;500 
1936... 126,250........... 50,000.. 773,000.. 96,600.. 78,800.. 63,500 
LD denen eros Marista lel erteeie fearless eile OO;G008. 9 75;700hs 55,400 
OS Seattle laahlafaifefoi oe) c'eheVelels\eieksi-' ois ais 'elssi\2's1s- 00;000.~, 68;900...) 49:200 
OS O aetna tia afereievolstos miciscneleiars e’e'el-t (yan ci GOGO... 64,400... 447800 
AO eee tev eiais e NelsienheasaeeKcrrelile aeynlelo hiaasi. 9 905000; 24 60,200. = .36;350 
A ere mere ttt eteieisietere eels felera lotr reise or rei) BOOVOOO., 150,600 ol, O00 
OOF ere tertile taiarecaediaela) Miadayeists, ossiimasiensiete’ ~96,000..0, “52,600... 27,5500 


$899,700. . $664,100. . $499,950 


would result, thereby forming a network supplied 
from 2 5,000-kva units with a firm capacity of 
7,500-kva. This system later can be expanded 
into either a network supplied from several 2-trans- 
former units as in Fig. 6, or one of the transformers 
may be removed from each of the existing units, 
combined with a new switching equipment and 
relocated to form a network supplied from sing!e- 
transformer units, as previously shown in Fig. 4. 


MegTHOD OF ECONOMIC COMPARISON 


From an economic standpoint the network schenie 
offers marked advantages, as may be seen from 
Table I, which is based upon accurate estimates 
obtained from the construction bureau of the com- 
pany for the station and street work in accordance 
with the description of each as given in this paper. 
The costs of distribution transformers, secondary 
services, and other common costs are omitted for each 

lan. 
3 The first step in this economic study consisted 
of extending the peak kilovoltampere load curve to 
1942, giving the proportionate amount of weight to 
such factors as rate of increase of population, 1n- 
crease in the number of customers, and in the 
number of houses assessed, houses wired and the 
building trend; from this curve it was estimated 
that the load would increase approximately at the 
rate of 7 per cent per year over that period. How- 
ever, in view of the uncertainty of predicting load 
growth, and realizing the importance of its effect on 
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Table V—Plan No. 3; Maintain Present Substation and 
Build New Automatic Substation 


New Fixed Present Present 
Invest- Charges Value Value 
Year Station Land Street ment at 12.5%  at%™% at 15% 


1933... $206,700. . $35,000. . $94,000. . $335,700. .$ 41,900. .$ 41,900. .$ 41,900 


1934... ; 41,900.. 39,200.. 36,450 
LOS 5 i ercciied oars acm Fh dlotevam vane ep taeia err mueta et 41, 900.0 gS, OOO mm LET OL 
1986 :.208 sina ese ew daaae saad na aan 64100008) aed, 200 unm eo DD, 
DOBLE caratctalesdade orga odt Goel Rhee FMR, Weel cuca ape ne 1 OO OLE ano 2 OUD emma 
TO88s cot tas sees etn 09,0008, 890)70087 §48,85077 634,800 Rumes cou 
LOB OF kGinron MEAG ear ee ee a 14S SOOM Eno 2, DOO mm Ags eG 
T940. Ses sea ba Maus se see EO SE ep BAS SOUke, BCU; 00 Mmmm rope 
1941... 167,000... <..2.... 15,000). 562,700). ©70/350F~ 14100077 e23,000 
194. cantata hoa oe aaa awe ene es eee O00 na POS; COU mee 


$496,750. . $361,000. . $268,450 


Present Substation and 


Units Originally) 


Table VI—Plan No. 4; Maintain 
Establish Primary Network (3 


New Fixed Present Present 
Invest- Charges Value Value 
Year Station Land Street ment at 12.5% at7% at 15% 


1933... $126,000. .$13,000. $73,052. . $212,052. .$ 26,500. .$ 26,500. .$ 26,500 


1934.. wate 26,500. 24,800. 23,050 
1936... M einsleps scraerste suai cleicyals Wisieieliatetdem cis eyed ZO;O00 ne 6a. OO OOOO 
REL Eerdeneccaraoonedunesnanccdoaobodamaccos AGING PURO. ily ek 
1937... 42,000.. 4,500........... 258,552.. 32,350.. 24,650.. 18,590 
LOSS ecreseyieusteme noms ee Seaste isis relies elaMietde ns O2jOO0 we 2, 000 semmEOnLOO 
iE eesnpoanmn modes onbomioneloUeoo weeded CHRBID ys Gulf. Leven 
1940... 42,000.. 2,000.. 16,500.. 319,052.. 39,850.. 24,800.. 15,000 
LED Annes an ns eo its skola aphopod Gok OS RO 8 PRPIAD » TIBOR 
1942... 42,000.. 1,500.. 17,000.. 379,552.. 47,450.. 25,850.. 13,500 


$330,200. .$239,200. . $177,080 


the installation of additional capacity, studies were 
made for load growths of 5, 7.5, and 10 per cent, 
but as each study showed the same relative order 
of magnitude for each scheme, only the study for 
the 7.5 per cent load growth is included in this 
paper. 

Each of the alternatives shown in Table I was 
carried to its ultimate (1942) capacity, which would 
be approximately 20,000 kva based upon a 7.5 per 
cent load growth, by the addition of capacity when 
needed. For convenience, these ultimate capacities 
and costs are tabulated in Table II. 

The tabulations for each plan, shown in Tables 
III to IX, inclusive, which are presented primarily 
to show the annual costs incurred by each invest- 
ment, are separated into 4 columns, as follows: 


1. New investment. 


2. Annualcosts. These are the fixed charges based upon a certain 
percentage of the new investment. The rate was taken at 12.5 per 
cent and includes interest, taxes, and depreciation. No account was 
taken of energy losses or maintenance, as it was felt that the dif- 
ferential in costs for these items would not be sufficient to affect the 
relative magnitude of the total costs for the several plans appreci- 
ably. 


3. Present worth of yearly costs. In order to make proper al- 
lowance for the effect of interest in comparing yearly costs occurring 
in different years, the annual costs have been discounted at 7 per 
cent compounded annually, and these figures are shown as the present 
worth of yearly costs. 


4. Discounted present worth of yearly costs. In view of the 
unknown effect of future occurrences on the outcome of present 
plans, it was felt that the results would be progressively less accurate 
for the later years, and therefore in making any choice between the 
various alternatives, the later years should be given less weight than 
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Table VII—Plan No. 5; Maintain Present Substation and 
Establish Primary Network (4 Units Originally) 


New Fixed Present Present 
Invest- Charges Value Value 
Year Station Land Street ment at12.5% at7% at 15% 


1933.. . $168,000. . $17,500. . $50,000. . $235,500. .$ 29,400. .$ 29,400. .$ 29,400 


1934.. - 29,400.. 27,500. 25,580 
AOSHI en er Le certs clue Gateeencdes, peo 400rne 125,700 4 4225200 
OSG ren oe nyse ec ea! 20,400.28 24000 om 21 9)320) 
LOS Pee ee te ies oe seen eects 2295400. 6 22,450 185830 
IPERS sosonles S6ttg do Cee ieee Herons Gees Beran Gee AU re eS Fa Uses ese ONE) 
LOR OME Ror nisin ohhh aime ee iso aoe 2940056 19: 600Ra5 125700. 
1940... 42,000.. 1,500.. 18,000.. 297,000.. 37,100.. 23,100.. 13,950 
IVT. scoveod SaSo0n Co Cadttoreny Bocas neeSene OU OUss: eA Dams wb ey 
1942... 42,000.. 3,000.. 20,000.. 362,000.. 45,250.. 24,650.. 12,870 


$325,250. . $239,000. . $179,570 


Table VIII—Plan No. 6; Maintain Present Substation and 
Establish Primary Network (2-Transformer Radial Units 


Originally) 
New Fixed Present Present 
Invest- Charges Value Value 
Year Station Land Street ment at125%  at7% at 15% 


1933... 55,000. .$ 2,000. .$20,000. .$ 77,000..$ 9,625..$ 9,625..$ 9,625 


1934... 55,000.. 3,500.. 25,000.. 160,500. 20,050.. 18,700.. 17,400 
LEB nao ets doing So Gi GoleaBiOe Be6.0 COI Uo minha Get eis 20,050.. 17,500.. 15,180 
ROS GM EE ata eae PletsCaris susie ee 20,0002, 1655605, 13,200: 
1937... 58,000.. 12,000.. 5,000.. 235,500.. 29,400... 22,450.. 16,850 
OS yea Ae ccc MB) yee) curses gs ithe nshig) okt ue abe sei slegesziece 29,400.. 20,950.. 14,620 
LOG OME Mein an akon; .29;400.0 .19:600. 40 12,7410 
1940... 42,000.. 1,500.. 18,000.. 297,000.. 37,100.. 23,100.. 13,960 
OA Peary ere nse tetra wate: eaters F200.  2L,600..0 12°110 
1942... 42,000.. 3,000.. 20,000.. 362,000.. 45,250.. 24,650.. 12,880 


$277,425. . $194,525. . $138,535 
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; Annual load growth 


assumed 7.5 per cent 


the earlier years. The figures which take this factor into considera- 
tion are prepared in the same manner as the figures for “‘present 
worth of yearly costs,’”’ except that a factor of 15 per cent per year 
compounded annually was used, 7 per cent of which was for interest 
and 8 per cent for relative inaccuracy. 


The one outstanding fact which is forcibly brought 
out by a careful study of these tabulations is that 
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Table IX—Plan No. 7; Maintain Present Substation and 
Establish 2-Transformer-Unit Primary Network (2-Transformer 
Radial Units Originally) 


New Fixed Present Present 
Invest- Charges Value Value 
Year Station Land Street ment at 12.5% at 7% at 15% 


1933...$ 55,000. .$ 2,000. .$20,000. .$ 77,000..$ 9,625..$ 9,625..% 9,625 


1934... 55,000.. 3,500.. 25,000.. 160,500.. 20,050.. 18,750.. 17,420 
LOSE ce ae, Coke ote eee ogee 20 OB0N 2 Ts aan ee 
198602 ok eho ou na, daw Pain ie ie220 OBO} ENG 300 Vm oeoe 
OSE ee oak gene, ee ee OBO 00 aman 
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1940... 55,000.. 7,500... 25,000.. 248,000.. 31,000.. 19,300.. 11,660 
194 Loe ocho AM vd ee es ee 81,000 SO TOE 
1942... 55,000... 2.000... 25,000.. 330,000.. 41,250.. 22,450.. 11,730 
$233,175. .$165,025. . $119,115 
Table X—Summary of Annual Costs 
Fixed Present Present 
Charges Value Value 
Plan No. at 12.5% at 7% at 15% 
1... .. 2... $310,300. .........$219,700......... .$159,250 
3)... 899,700: 5 bon ste 1604100. om eke 190 950 
3.. || 496,750....-.+-.- 361,000.......-.- 268,450 
ae "* 330.200.......... 239,200 |. 177,080 
es FBO OR ne oe DBOIO00 ee eae 179,570 
6. os STARE os to, AOA, B2B0 ees ie OMSSIESE 
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carrying charges for various G @ 
methods of supplying city 
of Somerville, 1933-1942 10 


Annual load growth assumed 7.5 4 
per cent 
Annual carrying charges 12.5 


fo) Seite lp 
per cent 1933°34 °35 °36 ‘37 ‘38 ‘39 4O 4I 1942 


any scheme which makes maximum use of existing 
capacity and adds capacity in small increments 
will have the lowest initial cost and also the lowest 
annual carrying charges. This is shown graphically 
in Figs. 7 and 8. A summary of the annual costs is 
given in Table X. 


CONCLUSIONS 


As a result of the foregoing considerations, both 
engineering and economic, it is proposed to provide 
initially for the relief of the existing substation 
supplying Somerville by means of one 2-transformer 
network unit located at a load center in East Somer- 
ville and supplying 3 radial circuits. Plans 6 and 
7 are based upon this initial arrangement. Later, 
when the load justifies it, a second 2-transformer 
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unit is to be installed at another load center nearby, 
and 2 of its radial circuits will be so arranged that 
they may be interconnected with 2 of the circuits 
from the original unit if found practicable. Beyond 
this point, the decision to expand the system into a 
network by the installation of additional 2-trans- 
former units, or by removing the second transformers 
from the original units and combining them with 
new switching units at new locations to form a 
network supplied by single-transformer units, will 


The Pitt- Westinghouse 
Graduate Program 


Recognizing that some of the highest types 
of graduate engineering instruction is to be 
found in a few of the larger research and 
industrial organizations, the University of 
Pittsburgh (Pa.) and the Westinghouse 
company during the past several years have 
cooperated in a joint program of graduate 
study for certain designated employees of 
the company. Besides being of distinct 
benefit to the individual employee, this 
work has had a highly stimulating influence 
upon the faculty members of the univer- 
sity connected with it, and the results have 
been most gratifying to the industry. 


By 

H. E. DYCHE 

MEMBER A.1.E.E. University of Pittsburgh, Pas 
R. E. HELLMUND Westinghouse Elec. & Mfg. Co., 
FELLOW A.I.E.E. E, Pittsburgh, Pa. 


T. THOSE who have been identified 
with engineering education in the Pittsburgh (Pa.) dis- 
trict for the past 25 years, the formal presentation of 
the University of Pittsburgh-Westinghouse gradu- 
ate program in 1927 was a logical step forward in 
higher education. It is interesting to note that in 
1910 2 highly significant events took place: (1) 


Full text of a paper recommended for publication by the A.LE.E. committee on 
education, and scheduled for discussion at the A.I.E.E. winter convention, Jan. 
23-26, 1934. Manuscript submitted Oct. 23, 1933; released for publication 
Dec. 5, 1933. Not published in pamphlet form. 
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be governed by conditions which may arise at that 
time. 

The ability to expand this system by the method 
which will be most advantageous at such time as any 
expansion may become necessary, appears to be 
the most valuable feature of this proposed plan. 

The authors wish to acknowledge the valuable 
assistance rendered by J. F. Maxwell, L. J. Weed, 
and St. G. T. Arnold in assembling and arranging 
the material for this paper. 


The University of Pittsburgh introduced the co- 
operative system of undergraduate engineering edu- 
cation on a plan somewhat different from that in 
use at the University of Cincinnati; (2) Mr. B. G. 
Lamme, then chief engineer of the Westinghouse 
Electric and Manufacturing Company, was formulat- 
ing an inteusive program of educational work for the 
highly selected group of engineering graduates 
received by the Westinghouse company each year. 
These 2 ideas, apparently unrelated, have been 
adopted during the years by many educational and 
industrial institutions. It seemed, therefore, an 
obvious move to correlate these activities under the 
general direction of the graduate school of the 
University of Pittsburgh, and it is now widely 
known in educational circles as the University of 
Pittsburgh-Westinghouse graduate program. 

The following quotation is taken from a recent 
publication of the graduate school of the University 
of Pittsburgh: 


. it is realized that a general undergraduate education was 
never designed, and never should be designed, to prepare individuals 
fer immediate, highly specialized service. First must be laid the 
broad foundation without which graduate work would be but a 
mockery. But the foundation once laid, the peculiar services 
which a graduate school can render become self-evident.” 


This quotation is cited primarily to show the 
breadth of view held by Dr. L. P. Sieg, dean of the 
graduate school of the University of Pittsburgh 
since 1925. Doctor Sieg maintains that some of the 
highest type of graduate instruction is to be found 
in a few of the larger research and industrial organi- 
zations. As already indicated, this idea has been 
accepted for years by many engineering faculties 
in undergraduate training, in some form of coépera- 
tive work. It remained, therefore, to work out a 
similar plan to assimilate some of the higher grade 
industrial instruction available in the Pittsburgh 
district. Considering the usual method of pedagogic 
administration in many graduate schools, it is not 
surprising that this plan has created widespread 
discussion. 

It is realized that there are not many places 
equally favored by the circumstances cited and it 
therefore is not possible to establish a similar prac- 
tice at all universities; but the salient features of 
the arrangement so eminently are suited to meet 
the basic requirements of a postgraduate engineering 
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education that similar plans elsewhere, even on a 
smaller scale, should be well worthwhile. 

In discussing the fundamentals of an adequate 
engineering education, it is well to recognize the 
fact that the requirements for the engineering pro- 
fession are different from those of some of the older 
professions. Frequently the latter are regarded as 
being essentially professions of learning; and since 
the methods of the universities are naturally the out- 
growth of practices evolved in the older professions, 
there is an inclination to overemphasize the impor- 
tance of book learning in engineering training. Now, 
regardless of how important knowledge may be in 
any walk of life, including engineering, of course, it 
nevertheless should be recognized clearly that the 
engineering profession is primarily a profession of 
creation and accomplishment and that the training 
of engineering students and of the younger engineers 
therefore should be directed toward developing in 
them above all else a desire and ability to create 
and accomplish. It is extremely important, then, 
that in addition to imparting the necessary knowl- 
edge, particular stress be laid upon developing in 
the student during the most formative period of his 
life such traits as initiative, action, imagination, 
analytical ability, and independence of thought; 
in other words, accomplishment through knowledge 
rather than knowledge in itself should be stressed 
throughout the entire course, beginning even during 
the undergraduate program as far as at all possible. 
However, no matter how carefully the curriculum 
may be planned and how thoroughly the college 
work carried out, it will have to be admitted that it 
is at best very difficult to give to the student in a 
purely university atmosphere that training in de- 
veloping initiative, resourcefulness, action, and 
responsibility which is required in actual practice. 
Consequently, there is a distinct danger in extending 
the engineering college course beyond the usual 
4-yr program, except for those who expect to make 
research or teaching their life work. The inevitable 
conclusion is that postgraduate work on subjects 
that cannot be covered adequately during the 
undergraduate course should be carried on by en- 
gineers after entering the profession. 

Although many universities have established post- 
graduate evening courses, seldom is it found that 
the individual student avails himself of more than 
1 or 2 courses, or that such work is extended over a 
very long period after graduation. The only way 
in which this condition can be improved is by offer- 
ing proper incentives for postgraduate work, prefer- 
ably in the form of additional university degrees. 
If these incentives are to be effective and accomplish 
the maximum results, they must be such as to 
stimulate an appreciable number of engineers to 
greater effort than that involved in 1 or 2 casual 
graduate courses. In this connection, there is one 
fundamental which should govern the establishing of 
standards for offering degrees or similar incentives 
of any kind, and that is that the standards should 
be such as to bring about the maximum total effort 
in the profession and therefore result in maximum 
accomplishment as a whole. It is all very well to 
establish a high standard; but if the standard is so 
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high that only exceptional students can reach ‘ty 
little good will be accomplished. The same is true 
if the conditions are such that the possibilities are 
open only to students in favorable financial circum- 
stances. In short, the conditions and standards 
governing the obtaining of degrees should be such 
that the goal is possible of attainment by a reason- 
ably large number of the abler members of the pro- 
fession. Furthermore, degrees in engineering should 
be conferred as rewards for originality and accom- 
plishment rather than for the accumulation of 
knowledge alone, if they are to take cognizance of 
the requirements of the engineering profession. 

The University of Pittsburgh-Westinghouse gradu- 
ate program recognizes these fundamentals, as shown 
in the following regulations published by the gradu- 
ate school of the University of Pittsburgh: 


“By agreement between the Westinghouse Electric and Manu- 
facturing Company and the graduate school, certain courses in the 
educational program of the company are identified with the school. 
Those in charge of the administration and of the instruction of these 
courses have regular appointments on the staff of the University of 
Pittsburgh, and hence credits earned in these courses are recorded 
under the regulations as resident credits. Regardless of the number 
of credits earned in the Westinghouse courses, there must be gained 
for the master’s degree a minimum of 10 credits in regular University 
courses and 6 thesis credits. 


“1. Courses are open, except by special permission, only to 
designated employees of the Westinghouse Electric and Manu- 
facturing Company who are graduates of accredited colleges or 
universities. é 


“2. Registration, including the payment of fees, shall be effected 
at the University of Pittsburgh. 


“3. No student may take any of the Westinghouse courses for 
credit in the graduate school, unless he has in advance the approval 
of the dean of the graduate school and of the head of his major 
department. 


“4, A registration fee of $5 for each registration is required 
regardless of the number of courses taken. For the Westinghouse 
courses, there is no tuition charged, but for the courses offered by 
the resident staff of the University of Pittsburgh, the regular tuition 
charges are levied. Upon the granting of a degree, the regular 
graduation and publication fees are also assessed. 


“5. Credits earned through the Westinghouse courses are 
recorded as resident credits 


“6. A minimum of 30 resident credits is required for any degree 
from the University, of which, in this particular arrangement, a 
minimum of 16, if the thesis is worked out on the campus, must be 
earned in campus courses. 


“7, The research work leading to a thesis may be conducted with 
the consent of the head of the department, under the direction of any 
of the Westinghouse lecturers.”’ 


As indicated in these regulations, there are at 
present 30 Westinghouse lecturers actively identified 
with this program. As such, they are recognized 
members of the graduate faculty of the University, 
meeting from time to time as a group with the resi- 
dent faculty. 

The 30 credits required for the master’s degree 
normally would take at least 5 or 6 years of evening 
work even under the most ideal conditions, assuming 
that suitable evening courses were available during 
such an extended period of time. Such sustained 
effort and continued financial sacrifices for tuition 
and the like, particularly during early life, makes 
the obtaining of a master’s degree impracticable, 
if not impossible, in the majority of cases. With 
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the plan described, it is quite possible with reason- 
able effort outside of business hours and under 
moderate financial obligations to obtain this degree 
in about 3 years. At the same time, the total re- 
quirements in the way of university credits have 
not been lessened in the least and the thesis re- 
quirements have been increased. 

With reference to the thesis, it must be considered 
that the laboratory facilities now existing in the 
larger industries will permit the carrying on of 
work of a character often impossible with the fa- 
cilities available in the colleges; consequently, the 
thesis results accomplished are likely to be of a 
character often impossible with the facilities avail- 
able in the colleges, and therefore are likely to be, 
but not necessarily, of a higher order and of greater 
usefulness. The fact that the work carried on in 
industry is to serve as the basis for a thesis will 
prove an incentive for the use of a higher order of 
analytical work and originality. Consequently, the 
results will be of greater value to the industry, and 
the engineer himself will profit because of the neces- 
sity for greater accomplishment and for carrying 
such additional studies as are required for his thesis. 
Appendix II gives a list of these subjects so far corn- 
pleted as a part of this program. As a rule, the 
thesis work is carried on under available research or 
development appropriations of the company, al- 
though at times small special appropriations are 
made for the purpose; therefore, no expense to 
either the student or the university is involved. 
Where appropriations for experimental work cannot 
be made available, a purely analytical study often 
is chosen for the thesis. The work usually is super- 
vised by one of the University of Pittsburgh-West- 
inghouse lecturers after formal approval has been 
granted by the department of electrical engineering 
of the university. 

Dr. E. A. Holbrook, dean of the schools of en- 

gineering and mines of the University of Pittsburgh, 
says: 
“During the past 4 years I have reviewed a number of the theses 
presented by candidates for the master’s degree under our Westing- 
house codperative graduate program. Uniformly, these theses show 
more professional maturity and higher research technique than the 
usual postgraduate master’s theses in engineering. I make this 
comparison, having in mind not the University of Pittsburgh alone, 
but also the graduate theses I have read in the several colleges with 
which I have been connected.” 


A general idea of the character of the courses of 
study can be obtained from Appendix I. Many of 
these consist of lecture courses and problem work, 
although in several the problem work predominates. 
In general the courses are conducted in a manner 
quite similar to the regular university courses, ex- 
cept that most of them are given during working 
hours and some of them at night. The course 
E.E. 161-152W on electrical theory and engineering 
practice, which is an outcome of the so-called en- 
gineering school of the Westinghouse company, 
is somewhat different from the ordinary course. It 
consists of weekly assignments of a relatively large 
number of questions which the students are called 
upon to answer during an extended quiz at the end 
of the week. The questions represent broadly a 
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survey of the present state of the electrical art and 
accumulated experience in the application of funda- 
mental principles to engineering problems. They 
involve the study of designs, materials, methods of 
construction, testing, application, and maintenance 
of a wide variety of electrical appliances and equip- 
ment, as well as significant excursions into the 
history of the development of the art. This part of 
the graduate program, as well as many other features, 
has grown out of the pioneering work in advanced 
engineering education by Mr. B. G. Lamme; some 
of Mr. Lamme’s fundamental ideas along this line 
are set forth in his publications. (See ‘Technical 
Training for Engineers,” Electric Journal, Sept. 
1916, p. 404.) 

Among the courses instituted during the more 
recent years, special attention might be called to 
E.E. 1983W by Doctor Slepian on conduction of 
electricity in gases, H.E. 181-182W by Doctor 
Lewis on symmetrical components, and M.E. 161— 
162W by Doctor Nadai on applied elasticity. Com- 
plying with an urgent demand, these courses and 
also the one on electrical theory and engineering 
practice have been made available to students 
outside of the Westinghouse company and an ap- 
preciable number of engineers connected with the 
utilities and also instructors and postgraduate 
students of the university have availed themselves of 
this opportunity. 

Special attention is called to the fact that credits 
can be obtained only by successful completion of — 
these various courses. No credits whatsoever are 
obtained for any of the shop, testing, drafting, or 
engineering work done by the students during 
working hours. The experimental work for the 
theses is conducted, of course, in the laboratories of 
the company during working hours, and frequently 
the engineering work of the company benefits from 
the solution of the problems in connection with the 
theses. 

The entire work of the students is done under the 
broad guidance of the school of engineering of the 
university, and the university assumes the re- 
sponsibility for the adequacy of the program. How- 
ever, since a great many of the engineering sub- 
jects required for the master’s degree are given by the 
Westinghouse staff, the evening courses covered by 
the university staff relate essentially to such sub- 
jects as advanced physics, mathematics, economics, 
and the like, so that a properly balanced curriculum 
will be maintained. The degree conferred is that of 
Master of Science, usually with the major in elec- 
trical or mechanical engineering. 

In 1930 the plan was extended to include the 
doctor’s degree, the requirements for which, al- 
though in the first stages similar to those for the 
master’s degree, are more extensive both in quan- 
tity and quality of work to be covered. For the 
doctor’s degree great care is exerted to select candi- 
dates who have much more than the capacity to 
pursue courses and to conduct simple, straight- 
forward research. It is felt that, for the most part, 
the investigations and courses should be carried 
on in the fundamental fields of physics, mathematics, 
or chemistry. Although for the master’s degree 
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certain credits can be obtained through Westing- 
house courses and research work, the majority of the 
credits for the doctor’s degree have to be obtained 
through the university courses. ae) 

Tables I, II, and III give some statistical data 
relating to the graduate program and the results ob- 
tained. Table I gives the number of degrees granted 
during successive years. Table II indicates that a 
total of 354 students have participated in this work 
and 59 or only about !/¢. of that number have ob- 
tained degrees. Some pertinent conclusions may 
be drawn on the basis of these figures: 


1. Requirements for the degrees are high, which means that, in 
addition to the necessary analytical ability, a great amount of energy 
and perseverance is needed. 

2. Distracting influences are encountered due to increasing pro- 
fessional and family responsibilities. 

3. Depression readjustments and low financial resources have pre- 
vented some from completing the work. 

4. Under normal conditions, many students are transferred to dis- 


tant branches of the company, and although the university has ar- 
ranged reciprocal relations with other graduate schools, the resultant 


progress is slower. 
Table III shows that in addition to the fact that 
approximately 50 per cent of the graduates remain 


with the company, about 25 per cent are called into 
teaching or some phase of educational work. 


Table I—Degrees Awarded 


Year M.S. Ph.D 
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From the standpoint of the industry, the results 
of this postgraduate work have been most gratify- 
ing. Although the average engineering graduate 
is inclined to settle down to routine work after 
entering industry, an entirely different spirit can be 
noted among those taking part in this postgraduate 
work. During the various courses their interest in 
analytical work is maintained, and the necessity 
for taking the initiative in their thesis work develops 


Table II—Total Earned Credits 


No. of Individuals 
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a definite self-confidence in their ability to do original 
and advanced analytical work. As a consequence, 
all of their later engineering work is influenced along 
similar lines. It is noted also that of the various 
papers presented by the company engineers before 
the different professional societies, a large percent- 
age is supplied by engineers who either are on the 


Table Ill—Present Location of Those Who Have Receves 
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Westinghouse teaching staff or who have completed 
successfully their work for the master’s or doctor’s 
degree in this codperative course. 

With reference to the university, this codperative 
program is found to be of benefit in so far as it has a 
highly stimulating influence upon the faculty mem- 
bers connected with the work. It has made possible 
courses that would not have been possible without 
such a plan; in some cases this codperation has led 
to certain mathematical courses prepared jointly by 
a member of the university staff and one of the 
industrial staff, with the result that the application 
of mathematics to practical engineering problems — 
has been presented more effectively to the students. 


Appendix I—Descriptions of Courses 


The following course descriptions have been taken from the last 
edition of the “Graduate School Bulletin’? of the University of 
Pittsburgh; they illustrate the advanced nature of the technical 
content of the various Westinghouse courses and the credits allowed. 


EE 151W. Electrical Theory and Engineering Practice, I; 2 credits. 
A study of theory of operation and standards of practice in design, 
manufacture, and application of electrical equipment, generators, 
motors and their control, thermionic tubes, oscillographs, voltage 
regulators, relays, and transformers. Hellmund and Dudley. 


EE 152W. Electrical Theory and Engineering Practice, II; 2 credits. 
A second course similar in character to EE 151W, but embracing 
synchronous converters, materials and _ processes, refrigeration, 
railway motors, circuit breakers, switches and fuses, lightning 
arresters, heating appliances, capacitors, switchboards, and rectifiers. 
Hellmund and Dudley. 


EE 161W. Electrical Machine Design, I; 2 credits. Fundamental 
equations for the generated emf. The distribution of the magnetiz- 
ing flux is determined by rigid graphical solutions. The mmf’s of 
distributed windings by mathematical and graphical methods. The 
effect of pulsations and harmonics of the mmf’s. Flux analysis for 


2-dimensional fields. Calculation of saturation curves. Laffoon 
and Calvert. 


EE 162W. Electrical Machine Design, II; 2 credits. A quantita- 
tive analysis of the theory of commutation for both direct and 
alternating current machines. Detailed treatment of commutation 
as a switching problem, secondary phenomena affecting commuta- 
tion, etc. Hellmund, Baker, and Labberton. 


EE 163W. Electrical Machine Design, III; 2 credits. A study of 
the constants of alternating current machines which determine the 
transient and continuous operating characteristics. Development 
of formulas for calculating constants. The special problems of syn- 
chronous machine design. Dudley, Shutt, and Kilgore. 
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EE 164W. Electrical Machine Design, IV; 2 credits. Considera- 
tion of the fundamental laws of magnetism and of the magnetic and 


electrical properties of core materials, with their adaptations to 
electrical apparatus. Spooner. 


EE 165W. Electrical Apparatus Design; 2 credits. The funda- 
mentals of design of magnets and transformers. Initial magnetizing 


transients. Methods of determining reactance, regulation, and 
short-circuit forces. Three-winding transformers. Mercury arc 
rectifiers. Peters. 


EE loow. Circuit Interruption; 2 credits. Fundamental studies 
in circuit interruption by anarc. Effects of resistances, inductances, 


and capacities; calculation of arc energies, switching surges; etc. 
Hellmund and Ludwig. 


EE 171W. Electrical Insulation; 2 credits. Hill. 
EE 172W. Laboratory Technique; 2 credits. Miner and Tenney. 


EE 181W. Symmetrical Components, I; 2 credits. The applica- 
tion of the principle of symmetrical components to the calculation 
of currents and voltages in transmission systems when subjected to 
unbalanced loads and short circuits. The problems used serve to 
investigate the sequence constants of lines. Lewis, 


EE 182W. Symmetrical Components, II; 2 credits. A course 
following EE 181W, in which the special method of calculating the 
performance of machinery when subject to balanced load is de- 
veloped. The method is applied to transformers, generators, and 
induction motors. 


EE 183W. Slow Transients; 2 credits. Transients in simple cir- 
cuits of constant resistance, inductance, and capacity leading to the 
solution of the generalized static network, eddy currents in solid 
cores, and transients in polyphase machines. Wagner. 


EE 191W, 192W. Selected Electrical Phenomena; 2 credits. 
Conduction in gases, kinetic theory of gases, electrons and ions, 
ionization by collision, sparking potentials, glow discharge, mobili- 
ties of ions, thermal ionization, arc discharge, applications to switches 
and lightning arresters, electronic tubes, etc. Hoard. 


EE 193W. Conduction in Gases; 2 credits. The course proceeds 
to the basis of the theory of ionization, a study of ionizing agents, 
kinetics of ions, mobility, diffusion, recombination, space charges, 
Langmuir’s theory of currents to an electrode, sparkover phenomena 
Townsend’s theory, Paschen’s law, and Townsend’s law of simili- 
tude, glow discharge, and corona. Electric arc theories of cathode, 
anode, and positive column, stability and extinction of arc are 
developed. Applications to lightning arresters, circuit breakers, 
switches and fuses. Slepian. 


ME 161W. Theory of Elasticity; 2credits. The elements of vector 
analysis are considered as an introduction to the analysis of stress 
and strain and to tensor analysis. Mohr’s representation of a 
tensor; the general equations of the theory of elasticity ; St. Venant’s 
theory of the bending and torsion of beams; mathematical theory of 
flat plates; concentration of stress and of loads; curved shells; etc. 


Nadat. 


ME 162W. Applied Elasticity; 2 credits. The application of 
strength of materials and of the theory of elasticity in calcuiating 
stresses and deflections in machine parts, bending, and torsion of thin 
bars, torsion of shafts, stresses in circular rings, rotating discs and 
cylinders, the buckling of beams, the bending of flat plates, stress 
concentration, etc. Nadaz. 


ME 163W. Technical Dynamics; 2 credits. The aspects of statics, 
kinematics, and dynamics, important to the designer, followed by a 
discussion of vibration problems in simple mechanical systems. An 
introduction to advanced dynamics, with applications to balancing 
of rotating bodies, balancing of reciprocating engines, torsional 
vibrations, and critical speeds in rotating machinery. Stone and 
Soderberg. 


ME 171W. Mechanical Design of Electrical Machinery, Ds De 
credits. The application of strength of materials and of meee 
elasticity in the design and calculation of machine members an 
parts 


ME 172W. Mechanical Design of Electrical Machinery, II; 2 
credits. A study of the flow of fluids, the performance of fans, nie 
flow in solids, heat transfer from solids to fluids, and the pees fe) 
heat as applied to the heating and cooling of machines. poe 
of formulas for temperature distribution, heat transfer, oe aT 
heating and cooling curves for special cases. A second portion 0 
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course develops the fundamentals of lubrication in the light of recent 
discoveries. The hydrodynamical theory of viscous oil films. 
Conditions of semifluid lubrication. Bearing constructions em- 
ployed in present-day engineering. Antifriction bearings. Penney. 


ME 173W. Mechanical Design of Electrical Machinery, III; 2 
credits. The principles of the arts appealing to the eye are related 
to the problems of the industrial designer, through an analytical 
comparison of industrial products with notable design examples in 
architecture, furniture, ceramics, and the decorative arts. Supple 
mented by class work in pencil and clay. Dohner. 


ME 181W. Electro-Mechanics; 2 credits. The principle of the 
storage of energy in electric circuits and the theorem of constant 
linkages are used to derive the fundamental equations for forces 
between electric circuits. Forces between bus bars, forces in open- 
ing switches, pull of magnets, unbalanced radial pull on armatures, 
normal and transient torque in rotating machines, vibrations pro- 
duced by. alternating or pulsating currents, the effect of unbalanced 
pull on the vibration of rotating parts, etc. Ludwig. 


ME 182W. Testing of Materials; 2 credits. Static and dynamic 
tests of available materials to meet modern service conditions. 
Application of strength theories in the use of test data for design 
purposes. Factors involved in the assignment of allowable working 
stresses. Mc Vetiy. 


IE 161W, 162W. Distribution Engineering; 2 credits. The organ- 
ization, training, and direction of a technical staff in marketing. 
Development of potential markets for producers’ and consumers’ 
goods of a technicai nature. Lester. 


Met 161W. Physical Metallurgy; 2 credits. Crystal structure of 
metals and alloys and its relation to physical and mechanical proper- 
ties. Application of X rays to industry. Interpretation and use of 
equilibrium diagrams in relation to the heat treatment of alloys. 
General types of alloys; solid solution, eutectiferous alloys, inter- 
metallic compounds. Effect of plastic deformation and temperature 
upon physical and mechanical properties of alloys. General theories 
of hardening of metals and alloys. Alloys used in engineering prac- 
tice, ferrous and nonferrous. Diseases of metals and alloys. Cor- 
rosion and its prevention. Hensel. 


197W, 198W. Research; various credits. 
resident). 


Staff (resident or non- 


297W, 298W. Seminar; various credits. A discussion of reports 
on current research in mechanics, mechanical engineering, electrical 
engineering, physics, mathematics, and metallurgy. Staff. 


301W, 302W. Thesis; various credits. Staff. 


Appendix Il—Completed Theses 


The following list of thesis subjects, together with the name of the 
candidate, illustrates the wide variety and scope of material covered 
in the thesis research. 

STRESSES AND REACTIONS IN EXPANSION Pipe BAnps, A. M. Wahl. 
Arc CHARACTERISTICS IN AN Ort CircuiIT BREAKER, R. C. Van Sickle. 
FORCED VIBRATIONS WitH CouLomsB DaAmpPrinc, J. P. Den Hartog. 


SoME CONSIDERATIONS OF AIR FLOW IN A SALIENT POLE ALTERNATOR, S. Beck- 
with. a 


Tue Errect oF THIRD HARMONIC HEATING ON 6-PHASE SYNCHRONOUS CON- 
VERTER, I. deVilliers. 


A MATHEMATICAL ANALYSIS OF A FICTION DRIVE MANUFACTURED By KRuppP, 
M. B. Hogan. 


Two Winpinc A-C GENERATORS FOR LARGE POWER Systems, L. A. Kilgore. 


Eppy CURRENT LOSSES IN THE ARMATURE CONDUCTORS OF D-C MacHINES AND 
THEIR EFFECT ON ComMuTATION, H. C. Myers. 


SHort-CircuiT TORQUE IN SYNCHRONOUS MACHINES WiTHouT DAMPER WIND- 
Incs, G. W. Penney. 


AN INVESTIGATION OF THE FUNDAMENTAL CRITICAL SPEEDS OF MULTIPLE 
Suarts, J. J. Ryan. 


EFFECT OF PHASE-TO-GROUND FAULT ON SYMMETRY OF TRANSMISSION LINES, 
S. P. Sashoff. 


FoRCES ON TURBINE GENERATOR STATOR WINDINGS DuRING SHort Crrcurts, 
J. F. Calvert. 


VacuuM TUBE VOLTMETER DESIGN, R. W. Carlisle. 


A Stupy oF IMPROVING THE METHOD OF CALCULATING THE REACTANCE VOLTAGE 
IN DISTRIBUTION TRANSFORMERS, J. R. Gaston. 
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Tur NATURAL FREQUENCY OF LATERAL VIBRATION IN THE FRAMES OF ELECTRI- 
cau Macuines, H. E. Hall. 


WeIGHT TRANSFER IN ELECTRIC LOCOMOTIVES CAUSED BY THE EQUALIZATION OF 
LOCOMOTIVE AND THE DRAW Bar PULL, M. B. Karelitz, 


PRESSURE PHENOMENA IN Or Circuit BREAKERS, W. M. Leeds. 

Tur SHORT TIME TEMPERATURE RISE OF RAILWAY MoTOR ARMATURES, D. A. 
Lightband. 

DETERMINATION OF STRESSES IN Discs oF CONICAL PROFILES, F. C. Rushing. 


A Srupy OF THE VIBRATION MOTION OF A LOADED FLEXIBLE SHAFT HAVING A 
NoNUNIFORM Moment OF INERTIA DuRING Roration, B. A. Rose. 


CrrcuLATING CURRENTS IN THE BRUSHES OF A D-C MacaingE, R. M. Baker. 


THe CHARACTERISTICS OF INVERSE TIME-DELAY TRIPPING DEVICES FOR SMALL 
Circuit BREAKERS, M. W. Brainard. 


A TEACHABLE PRESENTATION OF FUNDAMENTAL PRINCIPLES OF VELOCITY, 
ACCELERATION, AND INERTIA Forces OF MACHINES, P. H. Black. 


CHARACTERISTICS OF D-C Arc Morion In RESTRICTED Sots, F. Buck. 
Aw Improved A-C PoTeNnTIOMETER, S. L. Burgwin. 


PREMATURE ENGAGEMENT OF GEAR TEETH CAUSED BY TOOTH DEFLECTION, 
A. H. Burr. 


Tur CATHODE RAY OSCILLOGRAPH AND Its APPLICATION TO THE INVESTIGATION 
or TRANSIENT PROBLEMS, M. E. Gainder. 


An Economic COMPARISON OF ELECTRIC DRIVES FOR INDUCED DRAFT FANS IN 
LARGE GENERATING Stations, G. E. Garnhart. 


SyMMETRICAL COMPONENTS IN Systems oF SYMMETRICAL PHASE COORDINATES, 
B. K. Hovey. 
An INVESTIGATION OF STRESSES IN SuckKER Rop Jornts, E. N. Kemler. 


Tur Errect of UNSYMMETRICAL MacnetTic FIELDS ON THE GENERATION OF 
ULTRA-SHORT WAVES IN A MAGNETICALLY CONTROLLED VAcuuM TuBE, G. R. 


Kilgore. 
STRENGTH OF NAILED JOINTS OF Woop THROUGH LATERAL RESISTANCE OF THE 
Nats, F. Paulsen. 


A MerHop FoR CALCULATING THE BOLT SPACING ON TRANSFORMER TANKS, 
F. J. Reed. 


Ture Time-LAG OF THE OSCILLOGRAPH VIBRATOR BEHIND THE APPLIED FORCE, 
V. S. Thomander. 


Tur DESIGN AND CHARACTERISTICS OF A CURRENT TRANSFORMER WITH ALTER- 
NATING CURRENT SUPERPOSED ON DIRECT CURRENT, J. G. Hieber. 


A UNIQUE EQUIPMENT FOR TESTING RooM ConpiTIoNnERS, R. E. Holmes. 


Tue ELECTRICAL CHARACTERISTICS OF SYNCHRONOUS DRIVE Motors, J. Mac- 
Bride Kay. 


Tue GRAPHICAL SOLUTION OF ELECTROSTATIC FIELDS, M. G. Leonard. 


Some 2-DIMENSIONAL CASES OF DISCONTINUOUS DISTRIBUTIONS OF PRESSURE, 
C. W. MacGregor. 


Tue Desicn or A D-C DouBLE COMMUTATOR PLANER Moror, M.L. Manning. 


An ANALYSIS OF THE HEAT. FLOW IN THE THERMAL OVERLOAD TRIPPING DEVICE 
FOR SMALL CIRCUIT BREAKERS, J. W. May. 


THE DEVELOPMENT OF THE ART OF ELECTRIC WELDING AS REVEALED BY INVEN- 
TIONS PATENTED IN THE UNITED STATES, W. D. O’Connor. 


SATURATING REACTANCES IN ELEcTRIc Circuits, E. L. Harder. 
A Stupy or Crass B anp Crass C Output TANK Circuits, P. H. Osborn. 
HIGHER EFFICIENCY FANS FOR TURBINE GENERATORS, C. E. Peck. 


Tue DISTRIBUTION OF STRESS DUE TO A SINGLE FORCE ACTING ON THE EDGE OF 
A CIRCULAR HOLE IN AN INFINITE PLATE, W. O. Richmond. 


THE BENDING OF SEMICIRCULAR PLATES AND RINGS WITH AND WITHOUT 
RapIAv Siots, A. M. Wahl. 


RESTRIKING OF Low VOLTAGE ALTERNATING CURRENT WELDING Arcs WITH 
SUPERPOSED HIGH FREQUENCY DISCHARGES, F. Blackmore. 


DIELECTRIC RECOVERY OF TURBULENT A-C Arcs, T. E. Browne, Jr. 


Tue GRADUATE STUDENT TRAINING COURSE FOR ENGINEERS OF THE WEST- 
INGHOUSE ELECTRIC AND MANUFACTURING Company, A. M. Dudley. 


THE DETERMINATION OF THE PROPER SIZE ELEVATOR Moror FOR EXPRESS 
SERVICE IN ROCKEFELLER CENTER, NEw York City, W. W. Gregory. 


THE CHARACTERISTICS AND APPLICATIONS OF THE COPPER-OXIDE PHOTOELEC- 
TRIC CELL, G. W. Hewitt. 


TRANSPOSITION OF CONDUCTORS IN TRANSFORMER WINDINGS, H. H, Wagner 
STARTING PERFORMANCE OF SALIENT POLE SYNCHRONOUS Morors, R. D. Reed 


A SprecraL Type oF Dousre Deck Damper WINDINGS FOR SYNCHRONOUS 
Morors, C. C. Shutt. 


METHODS OF IMPROVING STARTING COMMUTATION oF SINGLE-PHASE SERIES 
RaAtLway Morors, R. E. Tobey. 


THE DESIGN oF Lonc Distance Pipg LINES For Gas, K, C. Ripley. 


Arik CONDITIONING CORRECTIONS FOR SUBNORMAL WALL TEMPERATURES, D. A 
Taylor. Aja 


THE GENERAL TORSION PROBLEM, M. Stone. 
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An A-C 


Potentiometer 


A rectangular coordinate potentiometer 
circuit is described in this paper, the chief 
features of which are the elimination of the 
usual phase shifting transformer and the 
slide-wire type of potentiometer resistor. 
Although not yet available in commercial 
form, this potentiometer has been in use 
in the laboratory for several years with 
good results, particularly in magnetic 
measurements at low and medium induc- 
tions and in measurements of the power 
factor of capacitors. 


By 
S. L. BURGWIN 


ASSOCIATE A.1.E.E. 


Westinghouse Elec. and Mfg. Co., 
E. Pittsburgh, Pa. 


Wi the a-c potentiometer may 
not be adapted as well to a particular test as a more 
specialized meter or bridge circuit, its chief advantage 
is that it can be used satisfactorily for a very wide 
range of measurements. Furthermore, in several 
particular types of tests such as the measurement 
of magnetic characteristics of iron cores at low 
and medium inductions, the a-c potentiometer is 
the most, if not the only, practical method of ob- 
taining satisfactory results. However, the use of 
the a-c potentiometer has been restricted greatly, 
probably because of several practical difficulties 
which never have been eliminated satisfactorily in 
spite of the many types of a-c potentiometers that 
have been developed. No attempt will be made in 
this paper to discuss these types as a very complete 
summary and description of them has been pub- 
lished by Drysdale (‘‘Alternating-Current Poten- 
tiometers and Their Applications,” Journal of the 
tana of Electrical Engineers, London, March, 

The most satisfactory type of a-c potentiometer 
from the standpoint of convenience and accuracy of 
testing generally is conceded to be the rectangular 
coérdinate potentiometer used in conjunction with 
a phase shifter. However, the various a-c po- 
tentiometers of this type that have been developed 
all have one or more of the following defects: 


Full text of a paper recommended for publication by the A.I.E.E. committee on 
instruments and measurements, and scheduled for discussion at the A.I.E.E. 
winter convention, New York, N. Y., Jan. 23-26, 1934. Manuscript submitted 
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1. The phase shifter must be changed when the test frequency is 
changed. Furthermore, in many measurements where a low power 
factor is involved, the phase setting of the phase shifter is not 
Goel stable or the shift sufficiently continuous for satisfactory 
results. 


2. In commercial testing the slide-wire potentiometers are not very 


satisfactory as they require too much attention to keep them in 
condition. 


3. Some types require very frequent checking of the quadrature 
phase relation between the potentiometers. 


4. Leakage and capacitance effects in the types that have the power 


and detector circuits directly coupled are quite troublesome in some 
tests. 


For making core-loss and permeability measure- 
ments at low inductions on small iron cores as has 
been mentioned, the author found that the a-c 
potentiometer with all its defects provides the most 
satisfactory method available. For this reason an 
attempt has been made to eliminate some of the 
difficulties mentioned. The attempt has resulted 
in the development of a circuit that has been used 
in the laboratory for several years. The main fea- 
tures of this potentiometer are: 


1. A single-phase phase shifter which is capable of approximately 
150° continuous shift and which maintains a steady phase angle at 
any setting, provided the frequency remains constant, 


2. A method of obtaining the quadrature phase relation between 
the potentiometers, which is capable of close adjustment and varies 
only with frequency. 


3. The use of variable mutual inductors or variometers for the 
potentiometers, thus eliminating the contact troubles of the slide- 
wire potentiometers and at the same time isolating the detector 
circuits from the power circuit. 


This circuit has been in use in the Westinghouse 
research laboratories for several years with such 
good results in a wide variety of tests that a port- 
able development model has been built. While a 
few minor changes are still necessary on this model, 
tests have shown that it is as capable of accurate 
results as the laboratory set-up. 

The laboratory set-up has been found particu- 
larly useful not only in measuring core-loss aid per- 
meability of small iron cores, but also in measuring 
the power factors of capacitors, 2 tests that or- 
dinarily can be made satisfactorily only with very 
specialized equipment. In connection with such 
tests it has been found that the accuracy of the 
results often can be increased greatly by using a 
mutual inductor in place of the customary resistance 
shunt for measuring the current. 


Tue A-C POTENTIOMETER CIRCUIT 


The circuit may be divided into 4 main parts 
each of which will be discussed separately. These 
divisions, as shown in Fig. 5 in the diagram of the 
complete circuit, are: (1) the x and y potentiome- 
ters; (2) the phase shifter; (3) device for measuring 
current through the potentiometers; and (4) the 
null detector for indicating a balance between the 
potentiometer voltage and the unknown to be 
measured. 

The x and y potentiometers as has been men- 
tioned are 2 variable mutual inductors or varlome- 
ters, calibrated to read directly in voltage. The 
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connection required to give a quadrature relation be- 
tween their secondary voltages is shown in Fig. 1, 
and the vector diagrams of the currents and volt- 
ages are given in Fig. 2. The mathematical rela- 
tions are given in Appendix I. The secondary 
voltage of M, is, of course, in quadrature with the 
primary current i, while the secondary voltage of 
M; is in quadrature with 7,; but 7 is in quadrature 
with 7, and therefore the secondary voltage of M; 
is in phase with i and in quadrature with the sec- 
ondary voltage of M,. 

Quadrature relation between 7 and 1, Fig. 1, 
is obtained by adjusting R; and Ry. These values of 
resistance are different for each frequency and have 
to be changed when the frequency is changed, but 
for any given frequency they may be adjusted very 
closely. The variometers are so constructed that 
rotating the primary gives a continuous variation 
of secondary voltage from a negative maximum to 
a positive maximum. When operating on different 
frequencies it is necessary to change the value of 
primary current to maintain the same voltage cali- 
bration for the potentiometers. 

The circuit for the phase shifter is shown in Fig. 3. 
Its function is to change the phase angle between 
the voltage & and the current 7 to any value over a 
range of at least 90° for a given value of reactance X 
and resistance RK in the rest of the potentiometer 
circuit. This variation must be accomplished with- 
out changing the value of 7. The vector diagrams 
for the voltages aiid currents are shown in Fig. 4 
and the mathematical relations are given in Appendix 


Fig. 1. Variometer 


circuit 
TO POWER 
SUPPLY 


TO 
DETECTOR 


Fig. 2. Wector dia- 
grams for variometer 
circuit of Fig. 1 


w(LytLa)i i 
(Ri+RatRa) yj 


II. The shift in phase is obtained by varying R,, 
and for the conditions existing in the a-c poten- 
tiometer, covers a range of about 150° which is more 
than sufficient. A disadvantage of this phase 
shifting method is that it is not independent of 
frequency; and if it is to be used at more than one 
frequency, provision must be made for changing 
the value of the capacitance. The same effect 
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could be accomplistied by changing the value of the 
inductance, but for this application where the rest 
of the circuit is inductive it is more desirable to 
change the capacitance and keep the inductance 
constant. 

A current measuring device, or perhaps it should 
be called a voltage measuring device, is necessary 
to indicate when the voltage of the potentiometers is 
at the calibrated value. If an ammeter is used to 
measure the current in the primary circuit, the 
reading will be different for each frequency. This 
is a source of inconvenience and possible inaccuracy 
in tests where it is not necessary to know the fre- 
quency accurately. For this reason this potentiome- 
ter makes use of a fixed mutual inductor with a high 
resistance voltmeter connected across the secondary. 
Thus a voltage is measured that has the same char- 
acteristics as the voltage across the potentiometers, 
and consequently it should be the same for all 
frequencies. Practically, this is not quite true since 
in general, the resistance of the voltmeter will not be 
sufficiently high at the higher frequencies to make the 
effect of the reactance of the secondary winding 
negligible; therefore, the voltmeter must be cali- 
brated for the readings at the various frequencies. 
This variation with frequency is small enough so 
that the calibrated voltage of the potentiometer can 
be obtained quite accurately although the actual 
frequency may deviate several per cent from the 
value assumed. The circuit for such a current 
measuring device is shown in Fig. 5 and will be 
discussed in detail later in this paper. 


Fig. 3. Phase shifter circuit 


Fig. 4. Vector dia- 
grams for phase shift- 
er circuit of Fig. 3 


For a null-current detector it is desirable to 
have a device that is very sensitive at the funda- 
mental test frequency and insensitive to all other 
frequencies, yet it should be capable of operating at 
various fundamental frequencies. These 2 char- 
acteristics are contradictory and consequently both 
cannot be obtained without making some change 
in the detector when the operating frequency is 
changed. The most satisfactory detector for fre- 


quencies up to 300 cycles per second has been found 
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to be the tuned vibration galvanometer of the 
moving coil type with interchangeable elements for 
the different frequencies. For frequencies above 
300 cycles the low impedance telephone receiver is 
most satisfactory, although the higher harmonics 
may necessitate an additional filter circuit in some 
cases. These 2 detectors have the advantage of 
simplicity in comparison with most other detector 
arrangements, and at the same time are sufficiently 
rugged and sensitive to obtain accurate results in 
commercial service. 


CONSTRUCTION OF A PORTABLE A-C POTENTIOMETER 


The complete circuit for this potentiometer is 
shown in Fig. 5. The instrument is designed to 
operate on 110 volts and is capable of operation 
on 9 different frequencies ranging from 25 to 1,000 
cycles per second. The potentiometers have 2 
ranges, from 0 to 5, and from 0 to 50 millivolts. 

The potentiometer can be divided into 4 main 
parts as shown in Fig. 5. The construction of 
each of these divisions will be discussed separately 
and then the assembly in one instrument. 

Variable Inductor Potentiometers. In the labora- 
tory set-up, Brooks’ inductors were used _ satis- 
factorily, but for a portable instrument they are 
too large so that 2 inductors of the variometer 
type were designed. To make these variometers 
more nearly static than the usual type, each consists 
actually of 2 variometers, mounted one above the 
other with the moving coils on the same shaft, and 
with the windings connected so that voltage induced 
by a stray field in one tends to balance out the volt- 
age induced in the other. The windings are of 
Litzendraht wire supported upon micarta forms. 
As little metal as possible is used in the construc- 
tion in order to minimize eddy currents. The 
maximum mutual inductance obtainable with either 
of these variometers is approximately 2.5 mh using 
the main secondary winding, and 1/,. of that value 
using a smaller secondary winding. 

These 2 secondary windings are wound upon the 
stator instead of the rotor so that any induced volt- 
ages from stray fields vary the calibration by a con- 
stant amount, and correction can be made by taking 
a zero balance. The primary windings are of some- 
what larger Litzendraht wire as it is desirable to 
keep the resistance as low as possible. 

The iron core mutual inductor of the phase split- 
ting arrangement is designed with a 2 to 1 ratio of 
primary to secondary turns so that the mutual 
inductance is approximately twice the self-inductance 
of the secondary. As it is desirable to keep the 
resistance of the secondary small, it is wound next 
to the core. The core is of 5-mil “‘hipernik’”’ (a 
specially heat treated alloy of iron and_ nickel) 
E-punchings, with the legs cut in such a way that 
an air gap may be placed in the center leg and the 
other 2 legs lapped. This is done to get fairly 
constant inductance and a good ratio of reactance 
to resistance without causing too much external 
magnetic field. 

The 2 resistors included in the phase splitting 
arrangement are removable, as different values of 
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resistance are required for each frequency. There- 
fore, the 2 resistors for each frequency are wound 
noninductively upon a card, and are arranged to 
fit 3 binding posts provided on the control panel of 
the instrument. 

Phase Shifter. she phase shifter circuit shown in 
Figs. 3 and 5, differ in that a transformer with a 
capacitor across its secondary is substituted in Fig. 5 
for X, and R, as shown in Fig. 3. The 2 circuits 
are equivalent electrically, but the transformer 
circuit has a considerable advantage for this applica- 
tion because the equivalent capacitance in the 
primary circuit can be varied by changing the trans- 
former ratio. Furthermore, for low frequencies 
where large capacitance is required, the size of the 
phase shifter can be reduced, as a large capacitance 
may be obtained with a small capacitor by using 
the proper transformer ratio. Equivalent resist- 
ances, approximately equal to the necessary values 
of R, over the frequency range from 25 to 1,000 
cycles per second, also can be obtained by properly 
designing the transformer. Such a _ transformer 
was designed and built for use with a 1-uf capacitor. 
The core is made of 5-mil “‘hipernik’’ E-punchings, 
lapped in the usual way. The induction in the 
core and the resistance of the windings are such 
as to give approximately the correct values of R, 
for each frequency; 8 taps are placed in the second- 
ary winding to give the correct equivalent ca- 
pacitances for the 9 desired frequencies. 

The inductance L, Fig. 3, is obtained by means of 
an iron core inductor, having a core similar to the 
one used in the phase splitting arrangement for 
the potentiometer variometers. The exact value 
of inductance is obtained by adjusting the air gap 
with the phase shifter in operation so that there is 
no change in current for a wide variation of the 
phase shifter rheostat. ‘The inductance necessary 
for this condition is approximately 2.5 h. 

The phase shifter rheostat is designed to give 
variations from 0 to 20,000 ohms and is capable of 
carrying 0.25 amp in the lower resistance ranges. 
This range is obtained by using 3 wire-wound 
rheostats in series, thus giving very fine adjustment 
at all resistances. The rheostats are of the circular 
sliding-arm type and have the following ratings: 
(1) 0-20 ohms, 12.5 watts; (2) 0-1,800 ohms, 150 
watts; (3) 0-20,000 ohms, 150 watts. To keep the 
size within reasonable limits the third rheostat is 
constructed so that the first step is 1,800 ohms. 

Current Measuring Device. As has been men- 
tioned previously, the purpose of this device is to 
indicate the value of current necessary to give the 
calibrated voltage on the potentiometer. The de- 
vice, as shown in Fig. 5, consists of an iron core mu- 
tual inductor, a thermocouple, and a microammeter. 
The core of the mutual inductor is made of 5-mil 
“hipernik’’ E-punchings which are stacked to give 
an air gap sufficient to keep the inductance prac- 
tically constant for small changes in current. The 
value of mutual inductance is 20 mh, and the self- 
inductance of the secondary 6.36 mh. The thermo- 
couple is similar to those used in Rawson multi- 
meters” and is capable of carrying a current of 10 


ma. A Westinghouse d-c 200-a microammeter is 
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used to indicate the thermocouple current. The 
scale of the microammeter is calibrated in cycles to 
indicate the correct current at each frequency. 
Detector. The low frequency detector, as shown in 
Fig. 5, is a vibration galvanometer of the type manu- 
factured by H. Tinsley and Company, having re- 
placeable elements tuned to the various desired 
frequencies. A variable rheostat is shunted across 
the galvanometer to give variation in sensitivity. 
As may be seen in Fig. 5, 2 binding posts are placed 
in the secondary circuit of the variable inductor 
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Fig. 5. 


Complete circuit of the a-c potentiometer 
described in this paper 


potentiometers to which any type of detector de- 
sired, may be connected. At audio frequencies it is 
usually desirable to use a low impedance telephone 
receiver, although in some cases high impedance 
headphones may be preferable. 

The Assembly. All component parts of this a-c 
potentiometer are mounted in one box which, with 
the cover, measures 22!/, in. long, 16'/, in. wide, and 
111/. in. deep. The total weight is approximately 
55 Ib. 

No attempt is made to shield the potentiometer 
electrostatically because of the difficulty involved, 
and because in general either the external capacitance 
and leakage effects are negligible or easily can be 
made negligible. The component parts do not re- 
quire mutual shielding since the constants of the 
circuit are such as to make capacitance or leakage 
effects inappreciable over the frequency range for 
which the potentiometer is designed. It is neces- 
sary, however, to eliminate mutual inductance effects 
between component parts and to provide a means 
for correcting for the effect of external magnetic 
fields. The first is accomplished, as has been ex- 
plained previously, by special design of the induc- 
tors, both air and iron core, and also by mounting 
them as far apart as possible. Correction for 
external magnetic fields by taking a zero reading 
also has been explained. In addition to these pre- 
cautions, it is necessary to keep all metal parts far 
enough from the variometers to make the eddy cur- 
rents negligible. Mutual inductance between the 
variometers is kept low, although it would cause no 
error since the variometers are calibrated after 
being mounted in the potentiometer box. 

To make the potentiometer as nearly self-contained 
as possible, several additional pieces of apparatus 
are included, as shown in Fig. 5. These are: a 
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110/6-volt transformer for the galvanometer lamp; 
a 250-ohm rheostat across the power supply to vary 
the current; and a selector switch in the detector 
circuit to permit an easy change from one unknown 


voltage to another. 


CALIBRATION 


While it is possible to calculate and set accurately 
the values of resistance and inductance of the several 
parts of the potentiometer before assembling, it 
was found more practical to set these values ap- 
proximately and make the final adjustments after 
assembling. These parts are adjusted or calibrated 


as follows: 


Ammeter. With R, (Fig. 1) disconnected and the quadrature 
potentiometer set at a maximum, the potentiometer is balanced 
against a known voltage of 50 mv by varying the phase shifter and 
the current adjustment. When the balance is obtained the current 
is the correct value for the calibrating frequency. Current values 
for other desired frequencies may be determined similarly. 

In-Phase Potentiometer Circuit. To obtain the correct values of Rs 
and R, (Fig. 1) at each frequency a noninductive resistance is con- 
nected in series with the potentiometers. The resistance is such as 
to give a 50-mv potential drop when the potentiometer ammeter 
indicates the correct value of current for the calibrating frequency. 
The potentiometer is balanced against the voltage drop across this 
resistance by varying R; and R, with the in-phase potentiometer set 
at the maximum value and the quadrature potentiometer at zero. 
When the detector indicates a balance, R; and R, are the correct 
values for the calibrating frequency. 

Phase-Shifter Inductor. The air gap of the phase-shifter inductor 
X, (Fig. 8) is adjusted by varying the gap until the potentiometer 
ammeter reads the same for the zero and maximum positions of the 
phase-shifter rheostat. 


USE OF THE A-C POTENTIOMETER 


Perhaps it may serve to clarify the ideas of those 
unfamiliar with potentiometer measurements to 
show how the a-c potentiometer is used in making 
actual tests. Furthermore, in most a-c tests, it is 
assumed that the voltages both known and unknown 
vary sinusoidally. Since this is not generally true, 
the validity of the assumption must be investigated. 
For this purpose 2 representative tests will be dis- 
cussed, the measurement of the losses and perme- 
ability of an iron core, and the measurement of the 
power factor of a capacitor. 

Measurement of Core Loss and Permeability of 
Iron Cores. It is assumed that in this test the power 
in watts and the reactive power are to be measured 
for given inductions in the core. The circuit most 
generally used, is shown in Fig. 6. (See ‘“‘Some 
Applications of the A-C Potentiometer,” by T. 
Spooner, Journal of the Optical Society of America 
and Review of Scientific Instruments, v. 12, March 
1926.) Rheostat P serves to vary the current J 
flowing through the primary winding of the iron 
core S and also shunt Rk. The secondary winding, 
of N2 turns, gives the voltage E which is reduced to 
the range of the a-c potentiometer by the voltage 
divider. The potentiometer is connected as shown, 
a selector switch in the potentiometer making it 
possible to connect the potentiomieter to either the 
voltage divider or the current shunt. The vector 
diagram of Fig. 6 shows the relations of the quanti- 
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ties necessary to measure the watts and reactive 
power for any given induction in the iron. 

A source of error particularly in testing iron cores 
is nonsinusoidal voltages. The power supply volt- 
age is generally quite free of harmonics or can be 
made so. Thus the potentiometer voltage can be 
made nearly sinusoidal. However, even assuming a 
sinusoidal supply voltage, the harmonics have not 
been eliminated from the circuit of the sample; for 
if a sinusoidal voltage be impressed upon an iron 
core inductor, the exciting current will not be sinu- 
soidal. Consequently, if the exciting circuit of the 
iron core contains impedance, neither the voltage 
impressed on the sample nor the exciting current 
will be sinusoidal. Under these conditions the re- 
sults obtained by the a-c potentiometer are in error, 
as only the fundamentals of the voltage waves are 
measured. At low inductions when the harmonics 
are relatively small, this error can be neglected; but 
for higher inductions the impedance of the exciting 
circuit must be kept small since this allows the volt- 
age impressed upon the sample to be more nearly 
sinusoidal, and the potentiometer gives more nearly 
correct results. To make the error negligible, it is 
necessary only to make the impedance of the exciting 
circuit sufficiently small. In the circuit of Fig. 6, 
this can be accomplished by making the current 
through resistor P large in proportion to the ex- 
citing current, and by reducing the impedance of the 
primary circuit; the latter may be done by replacing 
shunt RK with a mutual inductor having only a few 
turns in the primary and many turns in the sec- 
ondary. With such an arrangement the effect of the 
harmonics can be made negligible at inductions less 
than 12,000 gausses. It may be pointed out here 
that the use of such a mutual inductor also will give 
more accurate results than a resistance shunt for most 
measurements where the power factor is less than 


Fig. 6. Circuit for 
measuring core loss 
and permeability of 
iron cores, and asso- 
ciated vector dia- 
grams 


VOLTAGE 
DIVIDER 


| METER 


0.70, although this has nothing to do with har- 
monics. 
_ A general rule, derived from what has been said 
in the preceding paragraphs, might be stated 
- Correct measurements of power or any quantity 
involving the scalar product of 2 voltages can be 
made by the a-c potentiometer, only when at least 
one of the voltages is sinusoidal.” 

Measurement of the Power Factor of a Capacitor. 
Because of the low power factor of most capacitors, 
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it is rather difficult to measure their losses accurately 
with wattmeters or other simple means. However, 
it is possible to obtain very accurate results with the 
a-c potentiometer. The circuit that in general 
gives the best results is shown in Fig. 7. Rheostat 
P serves to adjust the current J flowing through the 
capacitor C the power factor of which is to be measured. 
Inductance L is made to form a series resonant cir- 
cuit with C, to reduce harmonics in the voltage 
across the capacitor and to provide an easy and 
safe means of obtaining capacitor voltages higher 
than the supply voltage. The voltages to be meas- 
ured by the a-c potentiometer are: (1) the voltage 
induced in the secondary of the mutual inductance 
M, which is proportional to and in quadrature with 
I; and (2) the voltage across resistance a of the volt- 
op divider, which is in phase with and proportional 
to L. 

From the vector diagram in Fig. 7 it is apparent 
that the ratio of the 2 components, E, and E,, of 
MI give the tangent of the angle between E and J. 
Therefore E,/E, can be taken as the power factor 
since the cotangent is almost equal to the cosine for 
angles close to 90°. 

Several precautions must be observed in making 
measurements on capacitors with low power factors: 


1. The mutual inductance M must be unaffected by stray magnetic 
fields and must have an exact quadrature phase relation between the 
primary current and the secondary voltage; this means that an 
astatic air core mutual inductance, free from eddy currents, must be 
used. 


2. The voltage measured on the voltage divider must be exactly in 
phase with E. 


3. Stray magnetic fields in the potentiometer must be eliminated or 
corrected by a zero balance. 


Harmonics are not as serious in this case as in the 
previous example, since a sinusoidal supply voltage 
will give accurate results in capacitor measurements. 
Furthermore, even if the supply should contain har- 
monics, the series resonant circuit will reduce 
them to a much smaller value in the test capacitor, 
and if desired a series resonant circuit may be used 
in the power supply of the potentiometer. 


Appendix I—Calculation of 
Phase Splitter Circuit Constants 


The circuit constants of Fig. 1 may be evaluated from the geometry 
of the vector diagram shown in Fig. 2. However, it is just as simple 
to calculate them in the usual way. Referring to Fig. 1, it is desired 
to make 7 and 7; equal in value, but with a quadrature phase relation, 


that is: 


eet} (1) 
Ay ee 
The network gives 2 equations: 


(2) 


i 

Rs iz = [Ri + Ro + Ra + jo(Li + La) In + joMs (3) 
Eliminating 7, 71, and % from eqs 1, 2, and 3 gives the following: 

wM; = Ri +R. + Rs + Rs (4) 


ye oC Libis) (5) 


JANuARY 1934 


Equations 4 and 5 express the relations between the circuit con- 
stants necessary to give the desired relations between 7 and 7). 

If an iron core inductance Ms; is used, eq 4 remains the same but 
eq 5 becomes 


Ry — 7 = o(L, + Ly) (Sa) 


where ¢ is an apparent resistance due to losses in the iron core. 


Appendix II—Calculations of 
Circuit Constants for Phase Shifter 


Referring to the circuit diagram Fig. 3, X and R are respectively 
the equivalent reactance and resistance of the entire potentiometer 
circuit outside of the phase shifter. It is desired in this case to 
make the absolute value of the current constant for all values of Ry. 
Thus it follows that the total impedance Z of the circuit must be a 


Fig. 7. Circuit for measuring power factor of capacitors, 


and associated vector diagram 


constant, independent of Rz. To find the values of X,., R,, and Xz 
necessary to accomplish this, it is necessary to expand the equation 
for the absolute value of impedance of the circuit sown in Fig. 3, in 
powers of R;, thus; 


AR;? + BR, + C=0 


where A, B, and C are functions of the circuit constants except Rp. 

Since this equation must be true for all values of Rz, each of these 
coefficients must be equal to zero. These operations result in the 
following equations: 


A = (R2 + X.2) = 2( RR, — XX.)  R? + X27 — Z2= 0 (6) 


B = —2R,(Z? — R? — X*) + 2R(R2+ X2) = 0 (7) 
Cis (RA 4 XE XZ? = RO X27) Ee 
2XX(R2+X2) = 0 (8) 


From the simultaneous eqs 6, 7, and 8 the values of R,, X,, and 
Xz may be obtained in terms of Z, X, and R. 


(ZEKE RAZ aX 


CCE R? + (Z — X)? (9) 
DCF See Sax 

R, = RZ Say (10) 
ZR?) 

XL= cS ayy a aa (11) 


The maximum possible phase shift, A9, that can be obtained, is 
given by the following expression: 


Xie? b Ke) Mo Ree Fa) Ly | Rr = 

A@ = —arc tan (Ao Ra Oe Se) | (12) 
R(Ri? + X17) + Ri( KR? + X-*) 4R 

(Rossi) > Cr 2x)s | RE =oRy 


If X and R are assumed negligible the expression becomes: 


XR? + X2) — XARe+ X22) 
RAR? + X71?) + R(X, — X,)? 


| 


Aé@ = arc tan + are tan 
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Stabilized 
Feed-Back Amplifiers 


This paper describes and explains the 
theory of the feed-back principle and 
demonstrates how stability of amplification, 
reduction of modulation products, and 
certain other advantages follow when 
stabilized feed-back is applied to an 
amplifier. The underlying principle of 
design by means of which ‘singing’ is 
avoided also is set forth. The paper con- 
cludes with some examples of results 
obtained on amplifiers which have been 
built employing this new principle. 


By 
H. S. BLACK Bell Telephone Laboratories, Inc., 
MEMBER.A.1.E.E. New York, N. Y. 


D.. TO ADVANCES in vacuum- 
tube development and amplifier technique, it now is 
possible to secure any desired amplification of the 
electrical waves used in the communication field. 
When many amplifiers are worked in tandem, 
however, it becomes difficult to keep the over-all 
circuit efficiency constant, variations in battery 
potentials and currents, small when considered 
individually, adding up to produce serious trans- 
mission changes for the over-all circuit. Further- 
more, although it has remarkably linear properties, 
when the modern vacuum tube amplifier is used to 
handle a number of carrier telephone channels, 
extraneous frequencies are generated which cause 
interference between the channels. To keep this 
interference within proper bounds involves serious 
sacrifice of effective amplifier capacity or the use of a 
push-pull arrangement which, while giving some 
increase in capacity, adds to maintenance difficulty. 

However, by building an amplifier whose gain is 
made deliberately, say 40 decibels higher than neces- 
sary (10,000 fold excess on energy basis) and then 
feeding the output back to the input in such a way 
as to throw away the excess gain, it has been found 
possible to effect extraordinary improvement in 
constancy of amplification and freedom from non- 
linearity. By employing this feed-back principle, 
amplifiers have been built and used whose gain varied 
less than 0.01 db with a change in plate voltage 


Full text of a paper recommended for publication by the A.I.E.E. committee 
on communication, and scheduled for discussion at the A.I.E.E. winter con- 
vention, Jan. 23-26, 1934. Manuscript submitted March 28, 1933; released 


for publication December 4, 1933. Not published in pamphlet form. 
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from 240 to 260 volts and whose modulation products 
were 75 db below the signal output at full load. For 
an amplifier of conventional design and comparable 
size this change in plate voltage would have produced 
about 0.7 db variation while the modulation products 
would have been only 35 db down; in other words, 
40 db reduction in modulation products was effected. 
(On an energy basis the reduction was 10,000 fold.) 

Stabilized feed-back possesses other advantages 
including reduced delay and delay distortion, re- 
duced noise disturbance from the power supply 
circuits and various other features best appreciated 
by practical designers of amplifiers. 

It is far from a simple proposition to employ feed- 
back in this way because of the very special control 
required of phase shifts in the amplifier and feed- 
back circuits, not only throughout the useful fre- 
quency band but for a wide range of frequencies 
above and below this band. Unless these relations 
are maintained, singing will occur, usually at fre- 
quencies outside the useful range. Once having 
achieved a design, however, in which proper phase 


Fig. 1. Ampli- 
fier system with 


feed-back 


FEEDBACK CIRCUIT 
B 


@. signal input voltage 

KM. propagation of amplifier circuit 

ue. signal output voltage without feed-back 

n. noise output voltage without feed-back 

d(E). distortion output voltage without feed-back 

8. propagation of feed-back circuit 

E. signal output voltage with feed-back 

N. noise output voltage with feed-back 

D. distortion output voltage with feed-back 

The output voltage with feed-back is E + N + D and is the 
sum of we + n + d(E), the value without feed-back plus 
uBl(E + N + D] due to feed-back. 


E+N+D=ne +n+4+ dE) + u@l[E+N+4+D] 
(E+N+D]0 — #8) = ve +n+d6) 

_ fe n d(E) 
SON Det pm eige ee a esa 
IF} ug |>>1,£ = = 


fication is independent of » but does depend upon f. Conse- 

quently the over-all characteristic will be controlled by the 

feed-back circuit which may include equalizers or other 
corrective networks. 


Under this condition the ampli- 


relations are secured, experience has demonstrated 
that the performance obtained is perfectly reliable. 

The carrier-in-cable system dealt with in a recent 
Institute paper (Carrier in Cables by A. B. Clark 
and B. W. Kendall. A.I.E.E. Trans., Dec. 1933, p. 
1050) involves many amplifiers in tandem with 
many telephone channels passing through each 
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amplifier and constitutes, therefore, an ideal field 
for application of this feed-back principle. A field 
trial of this system was made at Morristown, New 
Jersey, in which 70 of these amplifiers were operated 
in tandem. The results of this trial were highly 
satisfactory and demonstrated conclusively the 
correctness of the theory and the practicability of its 
commercial application. 


Crrcuir ARRANGEMENT 


In the amplifier of Fig. 1, a portion of the output 
is returned to the input to produce feed-back action. 
The upper branch, called the u circuit, is represented 
as containing active elements such as au amplifier 
while the lower branch, called the -circuit, is 
shown as a passive network. The way a voltage 
is modified after once traversing each circuit is 
denoted p» and 8, respectively, and the product, uf, 
represents how a voltage is modified after making a 
‘single journey around amplifier and feed-back cir- 
cuits. Both » and 6 are complex quantities, func- 
tions of frequency, and in the generalized concept 
either or both may be greater or less in absolute 
value than unity: (u is not used in the sense that it 
is used sometimes, namely, to denote the amplification 
constant of a particular tube, but as the complex 
ratio of the output to the input voltage of the am- 
plifier circuit). 

Fig. 2 shows an arrangement convenient for 
some purposes where, by using balanced bridges 
in the input and output circuits, interaction be- 
tween the circuits that connect to the input and out- 
put is avoided. Thereby feed-back action and am- 
plifier impedances are made independent of the 
properties of circuits connected to the amplifier. 


GENERAL EQUATION 


In Fig. 1, B is zero without feed-back and a signal 
voltage, &, applied to the input of the ,»-circuit 
produces an output voltage. This is made up of 


Fig. 2. Circuit of a negative feed-back amplifier 


what is wanted, the amplified signal, Eo, and com- 
ponents that are not wanted, namely, noise and dis- 
tortion designated Ny) and Do and assumed to be 
generated within the amplifier. It 1s further as- 
sumed that the noise is independent of the signal 
and the distortion of modulation a function | only 
of the signal output. Using the notation of Fig. 1, 
the output without feed-back may be written as: 


Ey + No + Do = peo ++ d(Eo) (1) 


January 1934 


where zero subscripts refer to conditions without 
feed-back. 

With feed-back, 8 is not zero and the input to 
the u-circuit becomes e + B (E+ N+ D). The 
output is E+ N+ D and is equal to ple + B (E+ 
N+D)|]+ 2+ dE or 

eo n d(£) 
Piel Nady (aie ns eas 


In the output signal, noise and modulation are 
divided by (1 — »8), and assuming |1 — u@| > 1, 
all are reduced. 


(2) 


CHANGE IN GAIN DUE TO FEED-BACK 


From eq 2, the amplification with feed-back equals 
the amplification without feed-back divided by 
(1 — p@). The effect of adding feed-back, there- 
fore, usually is to change the gain of the amplifier 
and this change will be expressed as 


Gcr = 20 logio (3) 


ra 
1 — p8} 
where G,, is db change in gain due to feed-back. 
As a quantitative measure of the effect of feed-back 


i will be used and the feed-back referred to as 
— 4H 
positive feed-back or negative feed-back according 


as the absolute value of 


Lene 
eye is greater or less than 
unity. Positive feed-back increases the gain of the 
amplifier; negative feed-back reduces it. The term 
feed-back is not limited merely to those cases 


where the absolute value of i 2 mG is other than 
unity. 

From ué = | 48 | |® and (3), it may be shown that 
OT = 1 = 21 8 Leos + | 8 (4) 


which is the equation for a family of concentric 


CF 
circles of radius 10— 1 about the point 1,0. Fig. 3 is 
a polar diagram of the vector field of u8 = |up|®. 


Using rectangular instead of polar codrdinates, Fig. 
4 corresponds to Fig. 3 and may be regarded as a 
diagram of the field of uf where the parameter is 
db change in gain due to feed-back. From these 
diagrams all of the essential properties of feed-back 
action can be obtained such as change in amplifica- 
tion, effect on linearity, change in stability due to 
variations in various parts of the system, reduction 
of noise, etc. Certain significant boundaries have 
been designated similarly on both figures. 

For example, boundary A is the locus of zero 
change in gain due to feed-back. Along this para- 
metric contour line where the absolute magnitude 
of amplification is not changed by feed-back action, 
values of |48| range from zero to 2 and the phase 
shift, @ around the amplifier and feed-back circuits 


-1 [#8 | 


equal cos and, therefore, lies between —90 


deg and +90 deg. For all conditions inside or above 
this boundary, the gain with feed-back is increased; 
outside or below, the gain is decreased. 


115 


BOUNDARY J BOUNDARY oa 
=cos =COS 
Za =F ® yh Al 


Oo DB 


{| BOUNDARY H 


BOUNDARY A 

Bl =cos > 
ZERO CHANGE 
WITH FEEDBAC 


Fig. 3. The vector field of u8 


See caption for Fig. 4 


The complex quantity u@ represents the ratio by which the 
amplifier and feed-back (or more generally u and 8) modify 
a voltage in a single trip around the closed path 


First, there is a set of boundary curves indicated by letters 
which give either limiting or significant values of | u6| and ¢. 


Second, there is a family of curves in which db change in gain 
due to feed-back is the parameter. 


Boundaries 


A. Conditions in which gain and modulation are unaffected 


by feed-back. 


B. Constant amplification ratio against small variations in| B |. 


Constant change in gain, , against Variations in |p| 


and [8]. Stable phase shift through the amplifier against varia- 
tion in Bp. 

The boundary on which the stability of amplification is un- 
affected by feed-back. 


STABILITY 


From eq 2, ois 


aB is the amplified signal with 


feed-back and i E B’ therefore, is an index of the am- 
si 


plification. It is of course a complex ratio. It will be 
designated A, and referred to as the amplification 
with feed-back. 

To consider the effect of feed-back upon stability 
of amplification, the stability will be viewed as the 
ratio of a change, 5A,, to A, where 6A, is due toa 
change either in w or 6 and the effects may be 
derived by assuming the variations are small. 


l= ne (5) 


ager: (6) 


© AVE ee Abel ) 


If uf > 1, it is seen that » or the u-circuit is 
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Fig. 4. Phase shift around the feed-back path 


plotted as a function of | «8 |, absolute value of u8 


C. Constant amplification ratio against small variations in | «|. 
Constant phase shift through amplifier against variations in By. 


The absolute magnitude of the voltage fed back ee 


is 
constant against variations in | «| and | |. 

D. | xe |= 1 

E. ® = 90°. Improvement in gain stability corresponds 
to twice db reduction in gain. 


Constant phase shift through the amplifier against 


Constant amplincsten ratio against variations in ®. 
G. | Variations in |u| and | BI. 


H. Same properties as 8 
|. Same properties as E 


J. Conditions in which pitta = FG] the overall 
gain is the exact negative inverse of the transmission through 
the B-circuit. 


stabilized by an amount corresponding to the 
reduction in amplification and the effect of introduc- 
ing a gain or loss in the y-circuit is to produce no 
material change in the over-all amplification of the 
system; the stability of amplification as affected 
by 6 or the #-circuit is neither appreciably improved 
nor degraded since increasing the loss in the £6- 
circuit raises the gain of the amplifier by an amount 
almost corresponding to the loss introduced and vice 
versa. If both pw and @6 are varied and the varia- 
tions sufficiently small, the effect is the same as if 
each were changed separately and the two results 
then combined. 

In certain practical applications of amplifiers it is 
the change in gain or ammeter or voltmeter reading 
at the output that is a measure of the stability rather 
than the complex ratio previously treated. The 
conditions surrounding gain stability may be ex- 
amined by considering the absolute value of A,. 
This is shown as follows: . 

_ Let (db) represent the gain in decibels correspond- 
ing to A,. Then 
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Fig. 6 (above right). 
Gain-frequency 
characteristics with 
and without feed- 
back of amplifier of 

Fig. 2 
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SECOND AND THIRD HARMONICS-DB BELOW FUNDAMENTAL 


. 
FEEDBACK —+\ 


Fig. 7(left). Modu- 
lation characteristics 
with and without 
feed-back for the 
amplifier of Fig. 2 


HARMONIC MEASURED AT 15 KC 
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OUTPUT OF FUNDAMENTAL MILLIAMPERES INTO 600 OHMS 


(db) = 20 log | Ar | 


a(db) = 8.686 k | a (8) 
To get the absolute value of the amplification: 

uB = | uB | |® (9) 

ie) |u| (10) 


V1 — 2| uB | cos @ + | #8 |? 
The stability of amplification which is propor- 
tional to the gain stability is given by 
van] Peek Pell cos tla!) 
| Ar| J] u| a= veesl* |u| 
5 | Ax | alee cos’ — | u6|] [618 | 
rast diel \ oa flamer lela 
§| Ar | oe Bb sin ® 
[7art le al lees 
A curious fact to be noted from eq 11 is that it is 
possible to choose a value of uf (namely, |we| = 
sec @) so that the numerator of the right hand 


term vanishes. This means that the gain eae 
is perfect, assuming differential variations in | wl. 


(11) 


(12) 


[5d] (13) 


January 1934 


' 
{ 
H 
70 4 |_| — 
[OPERATING RANGE | 
4-40 KC, H LI. 
2 60 LH HH 
’ (| f \ 
z Ye | HTN 
< 50 ad : <1 
0 | ! ' 
PS FEEDBACK || | { 
Ww ZA h ' 1 
uw “ Lr | 
a | ' 
' 
z 30 | aioe leetaal 
FEEDBACK 2 | ; 
2: SE es ee ror Saee a kee apn 


100 000 10.000 


FREQUENCY— CYCLES 


Referring to Figs. 3 and 4, coutour C is the locus of 
|uB| = sec @ and it includes all amplifiers whose 
gain is unaffected by small variations in |u|. In 
this way it is possible even to stabilize an amplifier 
whose feed-back is positive, i. e., feed-back may be 
utilized to raise the gain of an amplifier and, at the 
same time, the gain stability with feed-back need 
not be degraded but on the contrary may be improved. 
If a similar procedure is followed with an amplifier 
whose feed-back is negative, the gain stability 
theoretically will be perfect and independent of 
the reductions in gain due to feed-back. Over too 
wide a frequency band practical difficulties will 
limit the improvements possible by these methods. 

With negative feed-back, gain stability always is 
improved by an amount at least as great as cor- 
responds to the reduction in gain and generally 
more; with positive feed-back, gain stability never 
is degraded by more than would correspond to 
the increase in gain and under appropriate condi- 
tions, assuming the variations are not tco great 
is as good or much better than without feed-back. 
With positive feed-back, the variations in » or 8 
must not be permitted to become sufficiently great 
as to cause the amplifier to sing or give rise to in- 
stability as defined in the section devoted to the con- 
ditions for avoiding singing. 


MODULATION 


To determine the effect of feed-back action upon 
modulation produced in the amplifier circuit, it is 
convenient to assume that the output of undistorted 
signal is made the same with and without feed-back 
and that a comparison then is made of the differ- 
ence in modulation with and without feed-back. 


which is 


Do ; 
Ree: aft This re 
lationship is approximate because the voltage at 
the input without feed-back is free from distortion and 
with feed-back it is not and, hence, the assumption 
that the modulation is a function only of the signal 
rae used in deriving eq 2 is not necessarily justi- 
ed. 
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From the relationship D = =, 
concluded that modulation with feed-back will be re- 
duced decibel for decibel as the effect of feed-back ac- 
tion causes an arbitrary db reduction in the gain of 
the amplifier; i.e., when the feed-back is negative. 
With positive feed-back the opposite is true, the 
modulation being increased by an amount cor- 
responding to the increase in amplification. 

If modulation in the #-circuit is a factor, it can be 
shown that usually in its effect on the output the 
modulation level at the output due to nonlinearity 


itis tog be 


of the 6-circuit is approximately te, multiplied 


up 
by the modulation generated in the 6-circuit acting 
alone and without feed-back. 


ADDITIONAL EFFECTS 


Noise. A criterion of the worth of a reduction 
in noise is the reduction in signal-to-noise ratio at 
the output of an amplifier. Assuming that the 
amount of noise introduced is the same in 2 sys- 
tems, for example, with and without feed-back, re- 
spectively, and that the signal outputs are the same, 
a comparison of the signal-to-noise ratios will be 
affected by the amplification between the place at 
which the noise enters and the output. Denoting 
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One example of another amplifier in which, with 60-db feed- 
back, harmonic currents in the output are only 1 thousandth 
and their energy 1 millionth of the values without feed-back 


Improvement of harmonics with feed-back 


this amplification by a and a, respectively, it can 
be shown that the relation between the 2 noise 


eos, ae emt 
ratios is 5 (1 — »pB). This is called the noise index. 


If noise is introduced in the power supply circuits 
of the last tube, a/a = 1 and the noise index is 
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(1 — »B). Asaresult of this relation less expensive 
power supply filters are possible in the last stage. 
Phase Shift, Envelope Delay, Delay Distortion. 
iv 
— up 
phase shift with feed-back, and it can be shown that 
the phase shift through the amplifier with feed-back 
may be made to approach the phase shift through the 
B-circuit plus 180 deg. The effect of phase shift in 
the 6-circuit is not reduced correspondingly. It will 
be recalled that in reducing the change in phase 
shift with frequency, envelope delay, which is the 
slope of the phase shift with respect to the angular 
velocity, w = 2zf, also is reduced. The delay dis- 
tortion likewise is reduced because a measure of 


In the expression Ay = | ; |@, @ is the over-all 
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Fig. 9. Representative gain stability of a single 
amplifier as determined by measuring 69 feed-back 
amplifiers in tandem at Morristown, New Jersey 
The upper figure shows the absolute value of the stability 
index. It can be seen that between 20 and 25 ke the 


improvement in stability is more than 1,000 to 1 yet the 
reduction in gain was less than 35 dbo 


The lower figure shows change in gain of the feed-back 

amplifier with changes in the plate battery voltage and the 

corresponding changes in gain without feed-back. At some 

frequencies the change in gain is of the same sign as without 

feed-back and at others it is of opposite sign and it can be seen 
that near 23 kc the stability must be perfect 


delay distortion at a particular frequency is the 
difference between the envelope delay at that fre- 
guency and the least envelope delay in the band. 
B-Circuit Equalization. Referring to eq 2, the 
output voltage E approaches —@/8 as 1 — ub = 


—pB and equals it in absolute value if cos = TuBl 
4| 
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where »n@B = | uB | |e. Under these circumstances 
increasing the loss in the B-circuit 1 db raises the 
gain of the amplifier 1 db, and vice-versa, thus giving 
any gain-frequency characteristic for which a like 
loss-frequency characteristic can be inserted in the 
B-circuit. This procedure has been termed 6-circuit 
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Fig. 10. Gain-load characteristic with and without 
feed-back for a low level amplifier designed to 
amplify frequencies from 3.5 to 50 kc 
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equalization. It possesses other advantages and 
properties which are beyond the scope of this paper. 


AVOID SINGING 


Having considered the theory up to this point, 
experimental evidence was readily acquired to 
demonstrate that »@ might assume large values, 
10 to 10,000, provided @ was not at the same time 
zero. However, one noticeable feature about the 
field of u8 (Figs. 3 and 4) is that it implies that even 
though the phase shift is zero and the absolute value 
of wB exceeds unity, self-oscillations or singing 
will not result. This may or may not be true. 
When first thinking about this matter it was sus- 
pected that owing to practical nonlinearity, singing 
would result whenever the gain around the closed 
- loop equaled or exceeded the loss and simultaneously 

the phase shift was zero; i.e., ne =a) Bp | + jo2 iF 
Results of experiments, however, seemed to indicate 
something more was involved and these matters 
were described to H. Nyquist who developed a 
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Fig. 11. Phase shift, delay, and delay distortion 


with and without feed-back for a single tube voice 
frequency amplifier 


more general criterion for freedom from instability 
applicable to an amplifier having linear positive 
constants. (For a complete description of the 
criterion for stability and instability and exactly 
what is meant by enclosing the point (1, 0), reference 
should be made to Regeneration Theory, by H. 
Nyquist. Bell System Technical Journal, v. XI, 
July 1932, p. 126-47.) 

To use this criterion, plot u8 (the modulus and 
argument vary with frequency) and its complex 
conjugate in polar codrdinates for all values of 
frequency from 0 to +o. If the resulting loop 
or loops do not enclose the point (1, 0) the system 
will be stable, otherwise not. The envelope of the 
transient response of a stable amplifier always dies 
away exponentially with time; that of an unstable 
amplifier in all physically realizable cases increases 
with time. Characteristics A and B in Fig. 5 are 
results of measurements on 2 different amplifiers; 
the amplifier having uf characteristic denoted A 
was stable, the other unstable. 

The number of stages of amplification that can be 
used in a single amplifier is not significant except 
in so far as it affects the question of avoiding singing. 
Amplifiers with considerable negative feed-back have 
been tested where the number of stages ranged from 
1 to 5, inclusive. In every case the feed-back path 
was from the output of the last tube to the input of 
the first tube. 


EXPERIMENTAL RESULTS 


Figs. 6 and 7 show how the gain-frequency and 
modulation characteristics of the 3-stage impedance 
coupled amplifier of Fig. 2 are improved by negative 
feed-back. In Fig. 7 the improvement in har- 
monics is not equal exactly to the decibel reduction 
in gain. Fig. 8 shows measurements on a different 
amplifier in which harmonics are reduced as nega- 
tive feed-back is increased, decibel for decibel over a 
65-db range. 

That the gain with frequency practically is inde- 
pendent of small variations in || is shown by Fig. 
9. This is a characteristic of the Morristown am- 
plifier, described in the paper by Clark and Kendail 
referred to previously, which meets the severe 
requirements imposed upon a repeater amplifier 
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GAIN IN DB 
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Fig. 12. Gain-frequency characteristic of an am- 
plifier with an equalizer in the 8-circuit 
This was designed to have a gain frequency characteristic with 


feed-back of the same shape as the loss frequency characteristic 
of a nonloaded telephone cable 


for use in cable carrier systems. Designed to 
amplify frequencies from 4 kc to 40 kc the maximum 
change in gain due to variations in plate voltage 


7 
does not exceed 10,000 db per volt and at 20 kc the 


change is only an db per volt. This illustrates 


that for small changes in | «|, the ratio of the stability 

without feed-back to the stability with feed-back, 
[t= 26)? 

1 — |y6| cos ® 

and gain stability is improved at least as much as 

the gain is reduced and usually more, and is theoreti- 


called the stability index, approaches 


cally perfect if cos ¢ = —{| 


ML 

In Fig. 10 is indicated the effectiveness with which 
the gain of a feed-back amplifier can be made in- 
dependent of variations in input amplitude prac- 
tically up to the overload point of the amplifier. 
These measurements were made on a 3-stage am- 
plifier designed to work from 3.3 ke to 50 ke. 

As shown in Fig. 11, the negative feed-back may 
be used to improve phase shift and reduce delay 
and delay distortion. These measurements were 
made on an experimental 1-tube amplifier, 35-8,500 
cycles, feeding back around the low side windings of 
the input and output transformers. 

In Fig. 12 is given the gain-frequency character- 
istic of an amplifier with and without feed-back when 
in the #-circuit there is an equalizer designed to 
make the gain-frequency characteristic of the am- 
plifier with feed-back of the.same shape as the loss- 
frequency characteristic of a nonloaded telephone 
cable. 


CONCLUSION 


The feed-back amplifier dealt with in this paper 
was developed primarily with requirements in mind 
for a cable carrier telephone system, involving many 
amplifiers in tandem with many telephone channels 
passing through each amplifier. Most of the ex- 
amples of feed-back amplifier performance naturally 
have been drawn from amplifiers designed for this 
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field of operation. 


In this field, vacuum tube 
amplifiers normally possessing good characteristics 
with respect to stability and freedom from distortion 
are made to possess superlatively good character- 
istics by application of the feed-back principle. 
However, certain types of amplifiers, in which 
economy has been secured by sacrificing perform- 
ance characteristics, particularly as regards distor- 
tion, can be made to possess improved characteristics 
by the application of feed-back. Discussion of 
these amplifiers is beyond the scope of this paper. 


Cast lron 
and Its Production 


A brief description of cast iron and a 
comparison of the 2 processes used to 
produce it are given in this paper. The 
cost of cast iron produced either by the 
cupola or the electric furnace is the same. 
The electric furnace permits superheating 
and the production of iron of any com- 
position with accurate control. On the 
other hand, the cupola is limited to the 
production of high carbon iron. As a 
result of the success of electric melting, 
the field of application of cast iron has 
been greatly increased. 


By 
M. V. HEALEY 


General Elec. Co., 
Schenectady, N. Y. 


Tes late Dr. Moldenke was probably 
the first to advance the theory that the superheating 
of cast iron dissolves the carbon nucleuses that are 
the cause of coarse graphitization and nonuniformity. 
In recent years the electric furnace has made possible 
a thorough examination of this theory, and the results 
indicate not only that the theory is correct, but that 
it has enabled the regular production of a new and 
reliable quality of cast iron. The data in this 
paper have been accumulated in the last 2 years, 
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during which time a cupola and an electric furnace 
have been operated in parallel and the results 
recorded. 


THE CHARACTERISTICS OF Cast IRON 


The following brief description of cast iron is 
included in order to provide a common basis upon 
which the comparison of cupola and electric furnace 
melting may be judged. 

Cast iron in the molten state is a solution of 
carbon, silicon, and manganese in iron. The pro- 
portions of these elements, disregarding impurities, 
are within the limits noted below: 


Carbon—1.7 to 3.6 per cent 
Silicon—1.6 to 3.0 per cent 
Manganese—0.50 to 1.0 per cent 
Tron—remainder 


Other elements, particularly phosphorus and sulphur, 
are present as impurities. 

As the temperature is lowered, the alloy passes 
from the state of solution to an aggregate or mixture 
in the solid, becoming, if cooled with sufficient slow- 
ness down to and through the critical range, a com- 
plete aggregation as exhibited by the iron-carbon 
constitutional diagram. This phenomenon of change 
from a solution to an aggregate is the basis of the 
consideration of the electric furnace for the manu- 
facture of cast iron. 

As cast iron cools from the solidification tempera- 
ture, there is a progressive rejection of carbon from 
solution or combination with the iron to the free 
form of graphite. This rejection ceases at the 


Fig. 1. Photomicrograph unetched of a specimen 
taken from the surface of a 2-in. wall section of 
cupola cast iron 
Total carbon—3.16 per cent; silicon—2.13 per cent; man- 


i —98,000 Ib per 
anese—O.62 per cent. Tensile strength—28, 
: square inch. Magnified slightly over 100 diameters 
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gamma-alpha transformation temperature. The 
amount of carbon in the combined form at this point 
varies with the composition, particularly silicon, and 
with the rate of cooling. For maximum machin- 
ability, it should be zero and for maximum strength 
it should be the eutectoid, that is, 0.65 to 0.85 per 
cent. Usually more carbon is left combined than is 
desired, particularly at the surface of the casting, 
and a subsequent heat treatment is applied to re- 
duce it to the proper amount. The retention of the 
major portion of the carbon in the combined form 
must be avoided in the original cooling. Adjust- 
ment of composition to casting size is necessary since 
the rate of cooling is dependent upon the section 
cast. The limits of composition are as noted pre- 
viously. 

Certain alloying elements such as nickel, molyb- 
denum, and chromium are often used singly or in 
combination in cast iron for their effect on graphitiza- 
tion and the shape of the resultant graphite flakes. 
Their use necessitates an adjustment of composition 
in the other elements. Nickel can be used to re- 
place the silicon in part. Its value lies in the fact 
that it is a graphitizer for combined carbon in excess 
of the eutectoid. Molybdenum has the property of 
“balling up” the graphite flakes, thereby increasing 
the strength without adding materially to the 
hardness. Chromium is a drastic inhibitor to 
graphitization. In the great majority of cases, 


the use of alloying elements is an unnecessary ex- 
pense, as the improvements desired can be obtained 
by adjustment of composition and by superheating, 
as will be described later. 

In the process of cooling, cast iron becomes a 


Fig. 2. Photomicrograph unetched of a specimen 
taken from the center of the same casting as in Fig. 1 


Tensile strength—23,000 lb per square inch. 
slightly over 100 diameters 


Magnified 
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Fig. 3. Photomicrograph unetched of a specimen 

taken from the surface of a 2-in. wall section of cast 

iron which has been superheated in the electric 
furnace 


Total carbon—3.24 per cent; silicon—2.22 per cent; man- 
ganese—0.60 per cent. Tensile strength—36,000 Ib per 
square inch. Magnified slightly over 100 diameters 


nonductile aggregate, consisting of a ferritic to 
pearlitic matrix whose continuity is interrupted by 
the presence of graphite flakes. Obviously, the 
strength and other properties are determined by 
the amount of graphite, by its arrangement, and 
by the combined carbon in the matrix. The graphite 
patterns of skin and center specimens of 2 irons of 
similar composition and section are shown in Figs. 
1 to 4. The superheated iron, having the same 
amount of graphite as the cupola iron, is much 
stronger by reason of the better arrangement of its 
graphite. The uniformity across the section should 
be noted. All other factors being constant, the 
strength of iron varies inversely with the amount 
of graphite present. In Fig. 5 is shown the un- 
etched microstructure of a low-carbon superheated 
iron, which has the advantage of good arrangement 
and low graphite content. Cast iron of maximum 
strength must have a eutectoid matrix and the 
minimum of graphite which is finely dispersed. 


CuPpoLa MELTING 


The cupola was the principal source of cast iron 
before the application of the electric furnace to cast 
iron melting. Cupola operation can be described 
briefly as a continuous process in which successive 
charges are melted in the presence of carbon by com- 
bustion of the carbon. The maximum temperature 
obtainable is approximately 1,500 deg C. The 
capacity varies directly with the hearth area. A 
60-in. cupola can produce 20,000 1b of iron per hour. 
The average charge consists of 50 per cent pig iron 
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Fig. 4. Photomicrograph unetched of a specimen 
taken from the center of the same casting as in Fig. 3 


Tensile strength—34,000 lb per square inch. Magnified 


slightly over 100 diameters 


and 50 per cent selected iron and steel scrap. The 
components of this charge must be sized to obtain 
even melting conditions. They must be of known 
composition, since control of composition of the 
product substantially ends with the selection of the 
charge. A change from one grade of iron to another 
is gradual, since the charges tend to become mixed 
while descending to the melting zone. While some 
reduction in carbon may be obtained by the addi- 
tion of steel to the charge, the lower limit for carbon 
in cupola iron is practically 3.0 per cent. 

The solution of the last traces of carbon in iron 
is difficult, requiring both time and temperature. 
Solution may be accomplished in 10 to 15 min at 
1,650 deg C. A longer time is necessary at a lower 
temperature. As a result of the low temperature 
available and the intimate contact with the coke, 
cupola iron comes from the spout bearing undissolved 
carbon in suspension. The suspended particles, 
after solidification of the iron, act as nucleuses for 
the crystallization of precipitating graphite resulting 
in a coarse structure, particularly in the center of a 
casting where the rate of cooling is slow (see Figs. 
1 ands): 


ELECTRIC FURNACE MELTING 


Electric furnace melting is a batch melting process 
in which the cold charge is placed in a refractory 
lined furnace and melted by the conversion of elec- 
trical energy to heat. Two types of electric furnaces 
are in general use for making cast iron: the indirect- 
arc single-phase and the direct-arc 3-phase types. 
In the former, the arc is maintained between like 
electrodes above the charge. In the latter, the arc 
is maintained between the electrodes and the charge. 
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Cast iron of any composition from 1.7 to 3.6 per 
cent carbon can be produced readily and accurately, 
since the electric furnace simply melts what is in it. 
The composition of the bath can be altered as and 
when desired. A charge of unknown composition 
can be melted and held until the analysis is com- 
pleted and adjustments made. The charge for 
melting can be of low-cost materials such as borings, 
turnings, punchings, and any other scrap that may 
be available. 

A heat of cast iron in an electric furnace, when 
just melted, has the same characteristics as cupola 
iron of a like analysis. It has undissolved carbon 
in suspension which acts as nucleuses for coarse 
graphitization. If the bath is heated to approxi- 
mately 1,650 deg C and held for 10 min, the sus- 
pended carbon is dissolved. This heating to ob- 
tain complete solution is known as superheating. 
Cast iron when so treated has no nucleuses to at- 
tract precipitating graphite. It is, therefore, fine 
grained and uniform throughout, as shown in Figs. 3 
and 4. 


COMPARATIVE Costs 


The cost data shown in Table I are based upon the 
operation of a 3-ton 3-phase direct-are electric fur- 
nace delivering 5 tons of metal every 3 hr. The en- 
ergy, delivered to the transformer at 10,300 volts 
and 40 cycles, is transformed to 150 volts for melting 
and 100 volts for refining. The current maintained 
in the furnace is 6,000 amp. Charging, at the 
present, is done by hand. This operation takes 
approximately 30 min. The time consumed in 


Fig. 5. Photomicrograph unetched of a specimen 
taken from the center of a 2-in. section of low-carbon 
cast iron 


Total carbon—2.18 per cent; silicon—2.20 per cent; man- 
ganese—1.00 per cent. Tensile strength—62,000 |b per 


squere inch. Magnified slightly over 100 diameters 
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melting and refining averages 2 hr. Tapping and 
conditioning the furnace accounts for the remaining 
30 min. The cupola data were obtained from the 
operation of a 60-in. cupola using a 32-in. bed charge 
of coke and a 1 to 9 ratio of coke to metal in the 
charge. The blast pressure was 15 1b per square inch 
delivered through 8 tuyéres. This cupola melted 
approximately 20,000 Ib of metal per hour. 


Table I—Comparative Costs of Operation 


Cost per Net Ton 


Electric 

Furnace Cupola 
Energy, 600 kwhr-at lid perkewihticmc.a. caceeisipeushs cece $6: 00's ace ceo 
Labor sto, assucthans ish ecepealiusiens. gts ate set alter aster meena 135s cee $ 1.20 
Fuel, coke at: SIO per Ome cartes cys aes She pees een) Pe cee eee Reece 1.64 
Maintenance, including refractories............-...-- 1 Olgtrem eee 0.70 
Electrodes; 8. tb per ton\at, 1O¢o per Ibe a. ueccteneinan ners OVS0S Sse eee 
Cotiversion costing vis sheen ee Re en ane ee Ree ty Seda ere on Pes $ 3.54 
Materialiforpmeltin genre are cor eee rete teres: Seneucte Tigo Simtes seae 12.89 
Total sve otc ce ee en eee ane eee $16.03 eet $16.43 


The conversion cost of the electric furnace, in this 
case, is higher than the conversion cost of the cupola 
by approximately the item for electrical energy. 
The lower cost of the material for melting very nearly 
brings the totals to the same figure. While the data 
contained herein are true for one locality only, they 
are believed to be representative of what can be 
expected in the ordinary manufacturing plant pro- 
ducing a wide variety of scrap which can be used to 
advantage in electric melting. 


SUMMARY 


The information given in this paper may be 
summarized as follows: 


1. Cast iron of any carbon content throughout the range from 1.7 
to 3.6 per cent can be produced readily and accurately in the electric 
furnace. The cupola is limited to the production of irons with 
carbon in excess of 3.0 per cent. 


2. Cast iron produced in the cupola is coarse grained and non- 
uniform, because it is impossible to dissolve the suspension of carbon 
present in the molten metal. Superheating in the electric furnace 
dissolves this suspension and permits the production of a fine 
grained uniform material. 


3. The cupola is an economical unit for the production of large 
quantities of cast iron of the type that can be made in the cupola. 


4. The control of the electric furnace is positive, and uniformity of 
results can be guaranteed. The control of composition of the 
product in the cupola ends substantially with the selection of the 
charge for melting. 


5. There is no great disparity in cost between melting in the electric 
furnace and in the cupola. The higher conversion cost of the one is 
substantially balanced by the higher melting material cost of the 
other. 


6. On account of the success with electric melting, cast iron speci- 
fications are being revised with a view to making cast iron really an 
engineering material of definite properties. This means that the 
day’s output of the ordinary foundry is to be of a wide range of 
compositions with close control that is not characteristic of cupola 
operation.. The cupola can be depended upon for the production 
of large quantities of a high carbon material with little flexibility 
within a heat. Electric melting is very flexible. The character of 
a bath or any part of it can be altered readily to meet the needs of a 
varied production. 
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Equivalent Reactance + 
Synchronous Machines 


Steady state characteristics of synchronous 
machines of normal design are affected 
appreciably by changes in magnetic satura- 
tion. In this paper the effect of saturation 
is included in the derivation of the equa- 
tions for determining steady state perform- 
ance. It is shown that a saturated ma- 
chine under steady state conditions, and 
for small changes from the original operat- 
ing point, can be replaced for purposes of 
calculation by an unsaturated machine. 


B 

SB. CRARY L. P. SHILDNECK 
ASSOCIATE A.L.E.E. ASSOCIATE A.I.E.E. 

L. A. MARCH Alterthe Genetal Electric 
NONMEMBER Company, Schenectady, N. Y. 


L. HAS BEEN recognized for some- 
time that consideration of the effect of saturation in 
synchronous machines is necessary to determine 
accurately the steady state stability characteristics 
of a system, and that the methods of analysis that 
neglect saturation lead to pessimistic results.+?*+4 
It is the purpose of this paper to present a method of 
analysis by which saturation effects may be taken 
into account in determining the steady state per- 
formance of a machine or system and to suggest 
equations for the equivalent reactances of syn- 
chronotis machines in order that a rational compari- 
son of their characteristics may be made. 

Methods of analysis of system and machine 
steady state stability performance presented in 
previous papers®®?8 depend upon the linear rela- 
tions existing between the currents and voltages. 
Saturation of the machines introduces nonlinearity. 
However, under steady state conditions an equiva- 
lent linear reactance may be used to represent the 
reactance of the machine at the particular operating 
condition for small changes of the initial quantities. 
This equivalent reactance is dependent not only 
upon the particular load, voltage, and power factor 
at which the machine is operating, but also upon 
the connected system. After the equivalent react- 
ance is determined, calculations to determine the 
machine and system performance can be carried 
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out in the usual manner. The following analysis 
shows the variation of this equivalent reactance 
with change in the characteristics of the system 
and the load on the machine. Finally, approximate 
formulas are developed so that a comparison of the 
equivalent reactances of machines can be made from 
the design data. 

The concept of equivalent reactance is not new, 
as various empirical and graphical methods of adjust- 
ing the synchronous reactances of synchronous 
machines have been proposed. Miss Edith Clarke, 
in a discussion? in 1926, presented an empirical 
formula, suggested by C. A. Nickle, for the equivalent 
reactance of synchronous machines to be used in 
making stability calculations. This empirical for- 
mula is almost equivalent to the expression derived 
in the following analysis for the case of cylindrical- 
rotor or salient-pole machines when operating as 
synchronous condensers, but is inapplicable to the 
case of synchronous motors or generators operating 
at normal power factors. Dahl? and Dwight‘ also 
have presented methods based on charts and semi- 
empirical methods for correcting for generator satu- 
ration. Sincethese empiricalorsemiempirical methods 
neglect important factors, it was thought desirable 
to have a more rational method available by which 
the equivalent reactance for a given load condition 
may be determined from the design data of the 
machine under consideration and which shows directly 
the factors which determine its value. 


MATHEMATICAL ANALYSIS 


In the following analysis the cylindrical-rotor 
and salient-pole synchronous machines are considered 
separately, the cylindrical-rotor case first because 
of its comparative simplicity. 

Nomenclature. All quantities are expressed in 
per unit on the machine normal kilovoltampere and 
voltage base. 


e Ok ‘ ; : 
; = : pts ratio of intercept cut by tangent to load saturation 
1 
curve. (Fig. 2.) 
a e1 OR ; ; 
pe = += = ratio of intercept cut by tangent to stator satura- 
b, ky Oe; 
tion curve 
ok ‘ : 
ead = Wd & = ratio of intercept cut by tangent to rotor load 
b; ky O€ta 


saturation curve 


= system voltage 
€(y) = voltage corresponding to equivalent field mmf 
= voltage corresponding to the air gap flux (behind leakage 
reactance) 
direct axis component of e 
quadrature axis component of e; 
terminal voltage of machine 
voltage corresponding to direct axis field mmf 
voltage corresponding to equivalent direct axis field mmf 
voltage corresponding to quadrature axis field mmf 
vollace corresponding to equivalent quadrature axis field 
mm 
armature current 
ta direct axis armature current 
a quadrature axis armature current 


b 1 iron mmf 
air gap mmf 
iron mmf in the stator 


& 
Pudi ud nel 


&q(eq) 


t 


tou il 


bho = 1+ 
air gap mmf 
by Sh 
air gap mmf 
Ta = machine armature resistance 
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external resistance 


Xe = external reactance 

Weg = equivalent reactance 

x1 = leakage reactance 

Xa = direct axis synchronous reactance 

Xa(eq) = equivalent direct axis synchronous reactance 

oe = quadrature axis synchronous reactance 

Xa(eq) = equivalent quadrature axis synchronous reactance 
B = angle between e, and e 

6 = power factor angle of machine (angle between e, and 1). 
ty = angle between e and 7 

6 = angle between e, and e, 

Seg = angle between e,, and e, 


Cylindrical-Rotor Synchronous Machine. The 
following assumptions are made for the case of the 
cylindrical-rotor synchronous machine. 


1. The quadrature axis magnetic reluctance is equal to the direct 


axis reluctance, x7 = x,. (For all symbols see foregoing nomen- 
clature.) 


2. The armature reaction mmf is proportional to a reactive voltage 
drop equal to (xz— x))1. 


3. The field current is maintained constant for the small changes 
being considered. 


4. The vector difference of the armature reaction mmf and the 
mmf due to the field current is an mmf which is proportional to & 
times the voltage behind the leakage reactance drop. Where 


iron mmf 
air gap mmf 


k=1+ 


5. The iron mmf in the machine is a function only of the total air 
gap flux and the field current. 


Fig. 1. Steady 
state vector diagram 
of a cylindrical-ro- 
tor synchronous gen- 
erator with  satura- 

tion 


On the basis of these assumptions the vector dia- 
gram of Fig. 1 can be drawn. From the vector 
diagram the following equation can be written for 
the field excitation, 


ea = V (kei)? +P (wa — wi)? + Qkeri (xa — 1) Sin g iD) 


¢1, 1, @ are variables and & is a function of the total air gap flux, 
@, and the field excitation, ec. However, since only steady state 
conditions with constant field current are considered in this analysis, 
Rk is a function of only one variable, the total air gap flux e. 
Therefore, for small changes eq 1 yields 


Ok 
[ker + 4 (xa — x) sin $] [} +e oe | dey 


+ [a (xa — xi)? + ker (xa — x1) sin ¢] dt 
+ [ket (xe — x1) cos ¢] dp (2) 


2Qeadea = 


Letting deg = 0 in accordance with assumption 3 and substituting 


ok. 
eq A-6 from Appendix A in eq 2 for a 
0 = [ha +i (xa — =) sino] E ee 5 | kde, 


+ [i (xa — x1)? + ker (xa — i) sin $] de 
+ [keri (xa — x1) cos ¢] db (3) 
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Where § is a ratio obtained by drawing a tangent to the constant 


field current saturation curve at e@. (See Fig. 2.) 


Equation 3 is the differential equation governing 
the operating characteristics of a saturated cylindri- 
cal-rotor machine for small and gradual changes 
in the load conditions, with constant field excitation 
Ca: 

a 

livin leq: 3, 2 = L, 5 
saturation, and x, = x,,, eq 4 is obtained for an 
equivalent unsaturated machine. 


O = [e +2 (xeg — x1) sin ¢] de: 
+ [4 (X%eqg — Xi)? + €1'(%eq — Xi) Sin’ p] de 
+ [eit (X%eg — xi) cos ¢] do (4) 


Equation 4 is the differential equation governing 
the operating characteristics of an equivalent un- 
saturated machine for small and gradual changes 
away from the operating point, hoiding a constant 
value of field excitation, ¢,,. 

This equivalent unsaturated machine is one which 
has no saturation, but has the same operating char- 
acteristics as the actual saturated machine at the 
operating point under consideration. Such a ma- 
chine responds to small changes in the load condi- 
tions just as the saturated one does: thus it can be 
used to replace the actual saturated machine at the 
particular operating conditions. The values of ¢@,, 
z, and @ are identical for both machines, but the 
values of reactance x,, and excitation e,, for the 
equivalent unsaturated machine generally are less 
than the corresponding values x, and e, for the 
actual saturated machine. (See Fig.1.) The equiva- 
lent reactance x, is the synchronous reactance 
ofthe equivalent unsaturated machine and can be used 
in the usual linear equations for determining the 
characteristics of the saturated machine. The equiva- 
lent reactance obviously is different for each operat- 
ing point of the actual or saturated machine. 

The equivalent reactance x, must, therefore, 
be such as to satisfy the simultaneous differential 
eqs 3 and 4. However, eqs 3 and 4 alone cannot 


= 0, the conditions for no 


Fig. 2. Method 
of obtaining a/b. 
Load saturation 
curve for a cylin- 
drical - rotor syn-  «& 

chronous generator | 

at constant field ex- a 


citation E, ld Q 
Eo reas 


be solved simultaneously to obtain x,, but another 
independent relation between de,, di, and dé must be 
obtained. For example, if the system to which 
the machine under consideration is connected is 
such that ¢ = 90° and dé = 0, or ¢ = Oandd = 0. 


ray 4) 


nkaesl 


Xa — Xi 
a= 
elit (5) 


or when @ = 0 and dd = 0 


Mee = X) + — (6) 
k cf 
\! + 5 
or if de, = 0 
Xeq = x1 + = (7) 


The condition that ¢ = 90° and d¢ = 0 is realized 
by asynchronous condenser. Therefore, the equiva- 
lent reactance of a cylindrical-rotor synchronous 
condenser is given by eq 5 and is independent of the 
connected system. The condition that dénn= 05 
eq 7, is most closely realized by a machine having a 
small value of x, and connected directly to an infinite 
bus. Equation 6 is an intermediate or average 
value for x,,, and may be used for the approximate 
determination of x,, for cylindrical-rotor machines, 
with the exception of condensers, operating over a 
normal power factor range and connected to a system. 

If a more accurate determination of x,, is required 
than can be obtained by the approximate formulas, 
eqs 3 and 4 may be solved simultaneously with an- 
other relation depending upon the connected system 
similar to eq B-4 presented in Appendix B. It is 
suggested that eq 6 be used for the determination of 
%_ When comparing the ability of cylindrical-rotor 
generators or motors to remain in static equilibrium 
for systems whose characteristics are not definitely 
known. 


ig ya ed 


igXq-X2) 


EN alte Dehe— ial xx —+l 


Fig. 3. Steady state vector diagram of a salient-pole 
synchronous generator with saturation. Zero quad- 
rature axis field excitation 


Salient-Pole Synchronous Machine. The assump- 
tions made for the case of the salient-pole machine 
are: 


1. The direct and quadrature axis armature reaction mmf’s are 
proportional to reactive voltage drops equal to t4(xq — x) and 
4q(X%q — x), respectively. 


2. The field current is constant for the small changes under con- 
sideration. 


3. The mmf required to overcome saturation can be divided into 2 
components: one which is dependent only on the total flux, the other 
a function of the field mmf as well as the direct axis flux. The first 
is represented by the stator core and teeth, the second by the rotor 
pole piece. This assumption is made possible by the fact that there 
is very little saturation in the quadrature axis magnetic path in the 
rotor, i.e.,in the pole tips. Most of the saturation in the rotor exists 
in the body of the pole, at and near the base, which is in the path of 
the direct axis flux. Under steady state conditions the second 
component of mmf may be considered as a function of the direct axis 
flux alone, with the total field mmf as a fixed parameter for a given 
load condition. 


On the basis of these assumptions the vector dia- 
gram of Fig. 3 can be drawn. From the vector 
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diagram the following relation can be written for the 
direct axis. 


éa = (ki + ke — 1) Gra + (Xa — 4&1) ta (8) 


In a manner similar to that for the cylindrical- 
rotor case, eq 8 can be used to determine the equiva- 
lent direct axis reactance for a salient-pole syn- 
chronous condenser and an approximate expression 
obtained for the case of a generator or motor operat- 
ing over the normal power factor range when con- 
nected to a system. These 2 expressions are derived 
in Appendix C and are as follows; for the salient- 
pole synchronous condenser, 


Xa — XI 


Xd(eq) = X1 AF (9) 
[AG +5) ets) 


Equation 9 can be reduced to an expression identical 
to eq 5 for the cylindrical-rotor synchronous con- 
denser as k = kj + k, — 1 and jee cet te ee 

b by be 
€,,. For the salient-pole 


since in this case @, 
motor or generator, 


Xd — XI 


Xa(eq) Sx + 3 
1 a2 
[m (+55) te (1+) — 1] 


If there is no saturation in the stator teeth or core, 
all of the saturation being in the rotor pole piece in 
the path of the direct axis flux, eq 10 reduces to 


Xeq = Xi =F elgee (1 +%) (11) 


and is independent of the connected system. 

In Appendix D a method is presented by which 
Xa) May be more accurately determined when 
the constants of the system to which the machine 
is connected are known. Complete expressions are 
given for Xa.) and xX,.,) in terms of the external 
reactance and resistance x, and 7,. For most 
practical purposes when the machine is connected 
through an appreciable amount of external im- 
pedance, %q..) may be considered equal to the 
unsaturated value x,, as the synchronizing power 
coefficient dP/dé is practically the same whether 
Xa(eo) OL X, is used in its determination. It is sug- 


(10) 


&q (eq) 


€(eq) 


Fig. 4. Vector 


diagram for an 


< ‘ €d(eq) 
equivalent salient- igXq(eq) 
pole synchronous ,, 
machine = 


bao idXd(eq) — 


ify 


gested, however, as in the cylindrical rotor case, 
that when the characteristics of the system are not 
known eq 10 be used to obtain an approximate 
value of x...) for salient-pole generators and motors. 

Fig. 4 shows a vector diagram of the equivalent 
unsaturated salient-pole machine. This machine 
has values of X44) and %q¢) such as to give the same 
response to changes at its terminals as the actual 
or saturated machine. Since x...) and x) are 
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Fig. 5. With constant field excitation eq 


Figs. 5,6,and 7. Load saturation curves for cylindrical-rotor 
synchronous generator 


different from x, and x,, respectively, while i, 7,, 7,, ¢,, 
and @ are the same, @,2) and €q¢.4) will be different 
from the e, and e, of the actual machine. In practi- 
cally all commercial machines é, = 0. Therefore, 
since %,(e) is different from x,, and 1, is the same 
for both the actual and equivalent machine, the 
equivalent machine may have excitation ¢,/,4) in the 
quadrature axis. 


APPLICATION OF MATHEMATICAL ANALYSIS 


In order to demonstrate the use of the formulas 
presented in the first part of this paper a numerical 
example will be worked out in detail for the cylindri- 
cal-rotor case. 

A cylindrical-rotor synchronous generator is de- 
livering rated kilovoltamperes at normal terminal 
voltage and 0.80 power factor to a system which 
may be represented, as far as effects at the generator 
terminals are concerned, by an equivalent external 
impedance of 0.10 + 7 0.50 and constant voltage e¢,. 
It is desired to determine the synchronizing power 
coefficient of the machine. The saturation curves 
for the generator for various values of e, and @, 
are shown in Fig. 5. From these curves, values of 
k are obtained directly as the ratio of ke, to e, and 
plotted against e, for various values of ¢, as shown in 
Fig. 6. From the curves in Fig. 5 tangents can be 
drawn, as described in Appendix A, whose intercepts 
on the e, axis give the values of (a) and (@). The 


ratios ; then are plotted against e, for various values 


of e, as shown in Fig. 7. For the machine being 
considered, x, = 1.11, x, = 0.11, % = 0. From 
the vector diagram, Fig. il 


@ = y/(e cos @ + ira)? + (& sin 0 + ix)? 
Seni07 


ct sin 9 + 1X, 


el 
= AN RY 


From the curves of Fig. 5, for ¢, = 1.07 and e, = 
2.05 (assumed) 


ke; —w1eZ6 
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Saturation factor a/b 


Fig. 6. Saturation factor K nie, We 


Therefore 


1.26 


b= f07 


= 1.18 
Aliso 


éa = V (kei)? + 7? (xa — x1)? + 2 keri (xa — x1) sin > 
= 2.07 (checking the assumed value of 2.05) 


From Fig. 7, for e, = 


The quantities to be substituted in eqs 3, 4, and 
B-4 now are all determined and are 


yee %, = 0.50 ep nuon 
te Odd pple jeeenisO 
r. = 0.10 1 +5 = 213 po 4158 


Substituting these quantities in eqs 3 and B-4 
there results 


—1.839 = 4.85 2 4 0.948 @ 


0.130 = 0.591 @ — 0.418 


lp 


Solving the above 2 equations simultaneously 


= —0.66 


Substituting these values in eq 4_ 


(Xeq — 0.11)? + 0.0152 (xq — 0.11) — 0.268 = 0 


or 
%eq = 0.11 + 0.52 = 0.62 


While eq 6 yields as an approximation 


PAENO 1d 
eo OAL 0.69 
5 1.18 +/2.13 


Figure 8 shows the variation in x,, for this same 
turbine-generator when connected to a _ system 
through various values of external impedance 
7, tj x. It will be noted that the system has a 
considerable influence on the equivalent reactance 
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of the machine which is connected to it. For zero 
external reactance, the ratio of x, to %, 1s 0.75, 
while for very large values of x,, the ratio of x,, to 
x, is 0.39. The points on these curves were ob- 
tained by the simultaneous solution of the 3 equa- 
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nN 
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° 
a 


16 36 LOmAaT 


TQ) PAS PSS EP 
Xe(per unit external reactance) 


fe) 
Om 4 57 0:60 1.2 


Fig. 9 (below). Synchronizing power 
coefficient of a cylindrical-rotor syn- 
chronous generator connected to a sys- 
tem through external impedance (re + 
jxe). Normal voltage, normal kva, 0.8 
power factor lag 


a \ equal to Xqg=1.11 
[1 SESS O SG te 
. LS ON SEE eee 
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FINE eS en S 

04 | 06 N08 FTOX] 1.2, 
Xe(perunit external reactance) 


ee assumed to be 


= synchronizing power coefficient 


tions presented in Appendix B in a manner similar 
to that for the foregoing case. 

The values of x,, from Fig. 8 were used to cal- 
culate the values of synchronizing power coef- 
ficient,’ dP/d6,,, shown by the full lines in Fig. 9. 
The dotted lines show the pessimistic values of 
synchronizing power coefficient for the same typical 
large turbine generator, obtained by neglecting 
saturation, that is, by assuming x,, = x,. 

In determining the synchronizing power co- 
efficient the value of using the equivalent reactance 
is seen clearly. For example, the power angle equa- 
tion for a saturated machine neglecting line and 
armature resistance is (see Fig. 1), 


Cale 


ay eG a) 


sin 6 


(12) 
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dP 
di 


,an undetermined quan- 


In this equation k is a variable and for this 


machine is a function of dk 


dé 
tity. Therefore, the power angle equation cannot 
be used in this form to determine the synchronizing 
power coefficient. The power angle equation for 
the equivalent unsaturated machine is 


Ceqle 
Xea + Xe 


This equation can be used to determine the syn- 
chronizing power coefficient, as é,, and x,, are con- 


sin beg 


(13) 


Fig. 10 (left). Satu- 
ration factors, ki 
and ko, for large 
slow speed water- 
wheel - driven gen- 

erator 


Fig. 11 (below). 
Equivalent reac- 
tances of this ma- 
chine connected to 
a system through ex- 
ternal impedance 
(te + ite). Nore - 
mal voltage, normal 
kva, and 0.8 power 

factor lag 
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4 


(6) 0.2 0. 


stants for small gradual changes from the particular 
load point being studied. That is, 

dP — Ceqle 
dé Xeq + Xe 


COs beq (14) 
Therefore, the synchronizing power coefficient of a 
saturated machine can easily be written in terms 
of its equivalent reactance, excitation, and angle. 

_ Fig. 10 shows the variation in k; and-k, with change. 
in @ and ¢,,, respectively, for a large slow speed 
waterwheel generator. Fig. 11 shows the variation 
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of the direct axis equivalent reactance of this machine 
when connected to a system through different 
amounts of external impedance when the machine 
1s operating at rated output and field excitation. 
As in the cylindrical-rotor machine case the varia- 
tion of X44) is very large when the ratio of the 
external resistance to reactance approaches a value 
as high as unity. However, this ratio usually is 
considerably less than unity and the approximate 
equation for x) may be used with fair accuracy 
1n most cases. 

Although %,(.¢, varies greatly it has very little 
effect on the synchronizing power coefficient of the 
machine when it is connected through a large external 
impedance, as is shown in Fig. 12, where the results of 
calculations using both x,.4) and %q(4q) are compared with 
the results when x,¢.2) and x,(unsaturated) are used. 
Fig. 12 also shows the error involved if the effect 
of saturation is neglected altogether when calculating 


dP 


the synchronizing power coefficient, 


The value of the equivalent reactance cannot 
easily be determined by test when a machine is 
operated under load connected to an external system. 
However, a test can be made at constant power 
factor and field current and a check made of the 
value of the equivalent reactance under these condi- 
tions. For a cylindrical-rotor machine at any con- 
stant power factor angle 6 (see Appendix E) 

dex , &\ sin 6 de: , &\?(sin 0\2? dee 

ram — (G42) 4 (G42) (BY -B- Fa 
de, 
dt 
with armature current at constant power factor, 
cos 6, and constant field current, e;. Therefore, 
from the codrdinates and slope of the voltampere 
characteristic, the equivalent reactance for a cylindri- 
cal-rotor machine can be determined according 
to the above formula for the case of constant power 
factor. 

For unity power factor eq 15 reduces to 


where —is the rate of change of terminal voltage 


(16) 


X- Equivalent reactance =(Xd(eq), Xq) 


ies malar [| 


Equivalent reactance = (Xa(eq); Xq(eq)) | 


a ets] 


Equivalent reactance=(Xq> Xq) 


-synchronizing power coefficient 


dP 
dé 


rnal reactance) 
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Fig. 12 (left). 
nizing power coefficient 
of large slow speed water- 
wheel-driven 
connected to a 
through 
tance. 
normal kva, and 0.8 power 
factor lag 


Fig. 13 (right). Satura- 
4 tion factor k for high 
speed salient-pole syn- 


while for zero power factor 


%eq = — de, (17) 


The above test values of equivalent reactance for 
the cylindrical-rotor machine may be predetermined 
by calculation by means of the equations given in 
Appendix E. 

For salient-pole machines, the zero power factor 
test is the only test that can be made simply to 
determine x, At zero power factor 


de 
Xd(eq) = — ae (18) 
This value of equivalent reactance may be calculated 
by means of eq 9. 
Equations 17 and 18 are identical with eq D-3 
given in reference 5 for the equivalent reactance of a 
synchronous condenser. 


Table | 
Calcu- Test 
lated Value 
Volit- Cur- Value of eq test) 

Type of Machine age rent P.F. xd Of Xeg Xeg Xd 
Salient-Pole Water-Generator....1.6..1.0 = 0:50:90 30.362 200372.0641 
Salient-Pole. Condensers. sop 5. 0120) 6 LO) ce Onn 92a Op Lem 0 AGG 
Cylindrical-Rotor Generator....1.0..1.0 ..1.0..1.19..0.89..1.04. .0.87 
Cylindrical-Rotor Generator....1.0..1.0 ..1.0..0.74..0.57. .0.63. .0.85 
Cylindrical-Rotor Generator....1.0..0.87 .. 0..1.20..0.54. .0.55. .0.46 
Cylindrical-Rotor Generator....1.0..0.66 . 0. .1.22..0.79. .0.77. .0.63 
Cylindrical-Rotor Generator....1.0..0.98 Or. 1115 (063,058 230852 
Cylindrical-Rotor Generator....1.0..1.0 0..0.77..0.45. .0.40. .0.52 


Table I gives a comparison between the test and 
calculated values of the equivalent reactances for 
cylindrical-rotor and salient-pole machines operat- 
ing at zero power factor overexcited, and at unity 
power factor. 


CONCLUSIONS 


1. Saturation of the magnetic circuit materially increases the 
steady state stability limits of synchronous machines. For example, 
for a typical relation of transmission line terminal reactances, the 
distance to which a given amount of power can be transmitted be- 
fore the steady state stability limit is reached is about 25 per cent 
greater when saturation properly is allowed for, than if it is not taken 
into account. 


9. As shown in the paper, the effects of saturation can accurately 
be teken inte account by substituting a calculated equivalent 
value of reactance for the synchronous reactance. The ratio of this 
equivalent reactance to the synchronous reactance varies from about 
0.4 for a synchronous condenser at full load and 0.6 for a generator at 


Synchro- 


generator 
system 

external reac- 
Normal voltage, 


chronous capacitor 
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full load to 0.8 or 1.0 for lightly loaded machines. A ratio of 0.8 
generally has been used for motors and generators up to this time, 
but in the future it is planned to use the accurate values given by 
this theory for each particular case. For the typical relation of 
transmission line and terminal reactances, it is expected that this 
may give steady state power limits of the order of 10 percent higher 
than if a factor of 0.8 had been used. Figs. 9 and 12 show the 
error introduced in determining the synchronizing power coefficient 


a by neglecting saturation entirely. These machines both had a 
ratio of equivalent reactance to synchronous reactance of about 0.6. 


Tf a ratio of 0.8 had been used the error approximately would have 
been half that shown in Figs. 9 and 12. 

3 The following formulas for the equivalent reactance are recom- 
mended for general use. 


For either the cylindrical-rotor or salient-pole condenser, 
Xa — X11 
a 
k (1 4 ) 
For a cylindrical-rotor motor or generator operating at ordinary 
motor and generator power factors, 


Xeq = X1 + (19) 


Pp ae eel al 
aft ha 


For salient-pole motors and generators operating at normal power 
factors, 


(20) 


Gane, SRR SE ee 
[ea 4g,) +e +5)-2] 


In those cases where the system constants are known, a more exact 
determination of the equivalent reactance for motors and generators 
may be made by the methods described in this paper. Equation 19 
for synchronous condensers is exact and independent of the connected 
system. 


(21) 


Appendix A—Determination of dk/de 


Figure 2 contains a saturation curve OPN showing the relation 
between the voltage e,, and the mmf fe, necessary to produce this 
voltage under load conditions, holding a constant value of field 
excitation e,. Let P be the operating point on this load saturation 
curve. Then for small changes in voltage, the saturation curve may 
be approximated by the straight line RPS, tangent at the point P. 

Then, from similar triangles POS and PTR, 


OSeETR 


Op = TP (A-1) 

or 

5 a = = Ce 

which gives 

ke A (e:) = bA (ke) (A-3) 
= bkA (e) + be A (k) (A-4) 

Simplifying 

1, ear: (As) 

Therefore 

Ok ka 

de. ab ee) 


Similar expressions to eq A-6 apply for the salient-pole case, that is, 


Oy _ has ; 
Oe: ed; ( -7) 
and 

Oke _ Fads n 
O€ta C1abs ( -8) 
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where 


iron mmf in the stator 
air gap mmf 


iron mmf in the rotor 
air gap mmf 


kh =1+ ke = 1+ 


Appendix B—Determination of x,, for a 
Cylindrical-Rotor Synchronous Machine 


Equations 3 and 4 may be written as follows: 


= [i (xa = x1)? + ke; (xa = x1) sin 6| = [te +74 (xa — x) sin | 


[1 + | [+ |e + [ bei (xa — x1) cos 6| 


a E (Xeq — Xt)? + €1 (Xeq — Xi) Sin 6 | = [« + 4 (%eq — x1) sin | a 


(B-1) 


+ [et (Xeqg — %1) Cos 6 | “ (B-2) 
S 5 dé), d?, 5 5 
A third relation between FRR and x,, which is dependent 
t ad 


on the connected system is necessary in order to determine x,, which 
may be determined with sufficient accuracy for most cases if the re- 
maining machines of the system are considered as one equivalent 
synchronous machine. Any shunt impedance may be combined with 
the equivalent receiving system into an equivalent synchronous ma- 
chine as has previously been demonstrated. This results in the 
machine under consideration being connected directly by a series 
impedance (r, + jx.) to an equivalent synchronous machine. 

The expression for the voltage e, of the equivalent system is 


(ay +e? [ (rs day)? be (ay x)? | Loy 


Ce 


[ +x.) sin ¢ + (ra + 7e)-cOs 6 | (B-3) 


For small changes and de, = 0, 


= [i (fa + te)? + 4 (x +.x-)?—e1 (1 + %.) Sin 6—e (72 + 72) Cos 6 | = 


eo 


E — 4(m% + %.) sind —7i(ra +f.) cos 6 | a 


—| te(x, + x) cos ¢ — te (ra + 72) sin 6 | ~ (B-4) 


Equations B-1, B-2, and B-4 may be solved simultaneously for any 
particular case in order to determine the approximate value of xq. 
This value of x,, then can be used to determine the steady state 
characteristics of the machine for any particular assumed load 
condition. 


Appendix C—Equivalent Reactance 
of Salient-Pole Synchronous Machine 


From the vector diagram of Fig. 3, 
éq = (ky + kp — 1) @ld ap (Gee — x1) ta 


k, isa function of e) and k2 isa function of ed. Therefore, for small 
changes equation C-1 yields, 


(C-1) 


Ok: fe) 
dé ia (is -E ko —1 + eu sy ) den + aia Se de 


+ (xa el x1) dia (C-2) 
Since 
Cia = € cos B (C-3) 
de, = sec B dea + e tan BdB (C-4) 


Substituting equation C-4 and letting deg = 0 in equation C-1 
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(xa — Xp) + e% sin g om dp 


dea _ Oe dia 
Bin ee [ Ok ok c:5) 
ki + ke — — Se 
ibe 1b eu SH + a 2] 
Since from Appendix A 
Oly _ tks, Oke _ Oaks 
Oe by, & Oeia be ea <9) 


equation C-5 becomes 


5 kia, dp 
(%a — x1) + 5 @ sin be 


dea ; (c-7) 
diz [ (1 +¢) + ke (1 i) = 1| 
1 be 
‘Therefore 
(xa — x1) + se e, sin ea 
Xaleq) = X1 + i : a vd (C-8) 
[a (2+) +m (1+) 2] 


The second term of the numerator of eq C-8 gives the variation 
of the equivalent direct axis reactance with change in the connected 
system. However, at 6 = 0 or dB = O, the conditions for a syn- 
chronous condenser, 


Xd = X1 
PED] 


Equation C-9 is the equation for the equivalent direct axis reac- 
tance of a salient-pole synchronous condenser and corresponds to 
eq 5 derived for the cylindrical-rotor case, since 


k=kh +k, -1 


and 


= % + 


%d(eq) 


ap M4 p®@ 
TS aa 
when ¢; = é1a. 


The value of xa(eg) may be determined at 8 = 90°, also inde- 
pendent of the connected system by making use of the following 
relation. 


éa = 4 CoS B + [Xaley) — Xi] ta (C-10) 
Equation C-10 for small changes and de, = 0 gives, 
€, sin gee = [%a(eq) — x1] + cos gt (C-i1) 
4 dia dia 
Substituting C-11 in C-8 and solving for x4(e,) 
kia; dé; 
Xa — % + b, cos Oa, (cap) 


Xd(eq) = Xi se [PMUEMET SL aN et 
[ + ke (1 +5) = 1| 


Equation C-12 is an alternative expression for xa(e,) which for 
B = 90° or de; = 0 gives 


Se) ng) 


Xa(eq) = X1 + (ET Rasa | 
[e+e (1 +3) - 1] 


Equations C-9 and C-13 indicate the range of values that are 
obtainable from d8 = 0 to de; = 0. An approximate expression for 
Xa(eq) for the usual motor and generator angles and external imped- 
ance can be obtained by taking the arithmetical mean of these 2 
equations. (Fig. 11.) 


(C-13) 


%e— Mt 
Xd(eq) = x1 + (+2) +4 (1 +2) -1] 
eG) +e O TE 
In Fig. 4 e¢eq) isa voltage maintained constant in magnitude for the 


particular load conditions for which xa(e) and %a(eq) were deter- 
mined. 


(C-14) 
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Appendix D—xaeq) and Xqeq) for 
Salient-Pole Machines With External Impedance 


From the vector diagram of Fig. 3 fer the salient-pole machine, 


@a = (ki + he — 1) Gia + (Xa — m1) ta (D-1) 
€g = —kyeiq + (X¢ — Xi) ta (D-2) 
While for the external system, 
Clg — €e COS 6 = tq (re + 7a) + ta (Xe + x1) (D-3) 
—€iq + €ecos 6 = 1, (x. + x) — ta (re + ra) (D-4) 
Also, 
de 
Xa(eq) = X1 — ih (D-5) 
dig 
Xq(eq) = % + rt (D-6) 
a(eq) 1 di, 


Differentiating eqs D-1, D-2 D-3, and D-4, letting de, and de, = 
0 and solving for deja/diz and de,,/di, and substituting in D-5 and 
D-6, the generai exprissions for Xa(eqg) and %q(eg) are obtained in 
terms of the external impedance 7, + 7x. 


—h (xa — x1) [(ra + re) cos 6 — (x; + x) sin 6] 
+2 (xq — %) [Ger =F %.) cos 6 +> (ra -F 7.) Sim 0] 


+ (xa — x1) (x, — x1) sin 6 
(fl — g?) [(a1 + xe) sin 8 — (7a + 7) cos 6] 


(f sin 6 — g cos 8) (%q — x1) 
f (%q — x1) [(%1 + x2) cos 6 + (7a + 7) sin 5] 


+ g(%q — %) [(0 + x.) sin 6 — (ra + 72) cos 6 | 


(D-7) 


Xa(eq) = Xt + 


+ (xa — %1) (%q — x1) cos 5 


Ds (fh — g®) [(a + x2) cos 5 + (ra + 72) sin 6] 
(h cos 6 — gsin 5) (xy — x) 


(D-8) 


X17 (eq) 


Where 


f=hth—-14+Fhkcsp+eh 
by by 
Fae 
g= 5b, ky sin 26 


h=h +2 hk sin? B 
bi 
Figure 11 is a plot of D-7 and D-8 for the equivalent direct and 
quadrature axis reactances of a salient-pole generator operating at 
rated kilovoltamperes and rated (0.8) power factor with varying 
amounts of external resistance and reactance. ; 


Appendix E—x., for a Cylindrical-Rotor 
Synchronous Machine at Constant Power Factor 
The differential equation, eq 3, of a saturated machine for small 


and gradual changes with constant field excitation may be written 
as follows, 


o— [ber + i (wa — mi) sin @ |[ 1 +5]8G 


d 
+ [ket (%a — x) cos 6] a 


+ [i (xa — x)? + ke: (xa — x) sin 4] (E-1) 
Using the relations, 
e = V(er cos 6)? + (e sin @ + ix)? 
: e, sin 0 + 1x; 
Sho) =) 
ej 
ol 


€, cos 0 
a 


cos ¢ = 


letting d@ = 0 (constant power factor) and rearranging, 


Gi 2 a\ Xi | 
= sin ¢ E +k (1 + eas 7) | 
) es 
es hia oh = = to sin? ¢ 
t 
Ey eae 6] k 1 +2)/ 1 ) (E-2) 
a [cus (¢ = b Xq—XI | 
+ sin 0 +4 sin ¢ cos (¢ — @) 
For unity power factor, eq 2E, reduces to 
) 
a XI 
“s [: mts (: “5 fle - =i | 
Xa— x ,a 12%)? 
de + x. + i Tage pane nt | é 
di re Brea. Te) (E-3) 
| ( eee 
i ‘ 
a CX) 
os ecere) 
While for zero power factor 
aT 
de; hal (Cite eT ENCE E-4 
a k (1 a ‘) (E-4) 
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Dex. the past 25 years the elec- 
tric melting furnace has developed from the position 
of a very interesting experimental apparatus to that of 
a precise, highly dependable, thoroughly practicable 
device for the melting of a wide variety of metals 
under prescribed conditions and producing molten 
metal precisely conforming with both the predeter- 
mined desired chemical analysis and correct degree 
of temperature. 

Various methods have been employed and several 
types of furnaces have been developed for the pur- 
pose of utilizing electric energy as a source of heat 
for melting metals. It is the purpose of this paper 
to trace the development and describe the design, 
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Substituting k = 1, 4 = 0 and xd = x,, in eq E-2, the following 


expression is obtained for the equivalent unsaturated machine at 
constant power factor, 


Ch os 
Meg (¢ sin 8 + fa) 


de, a (E-5) 
Ue (4 + %eq sin 0) 

or 

1 ee “ame de, , @\?/sin0\? da & 
oar (a D +af(4 +2) (BY -2 4 @6 
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Edith Clarke. 


The electric furnace of the rocking type 
with indirect arc has been developed to the 
point where it may be used not only for 
the melting of nonferrous metals but also in 
the production of castings of various types 
of iron and steel. Accurate control of the 
process is possible. Many new cast irons 
may thus be produced with qualities greatly 
superior to the cast iron which may be pro- 
duced by any other means. 


operation, and utilization of the rocking indirect 
are electric furnace. This furnace, first marketed 
in 1918, has become widely used, first in nonferrous 
metal melting and later in the production of castings 
of gray iron, malleable iron, heat treated cast iron, 
and alloy iron and steel. 

The furnace, which is of the single-phase 2- 
electrode indirect-arc type, shows excellent elec- 
trical regulation and very satisfactory power-factor 
conditions. The metal stirring action of this furnace, 
together with its deoxidizing atmosphere and ac- 
curate temperature control at elevated tempera- 
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tures, afford an excellent implement for the produc- 
tion of the many new varieties of cast iron, heat 
treated iron, and alloy iron now receiving acute 
interest from metallurgists and design engineers. 
It is similarly receiving the intense interest of 
central stations and electrical equipment manu- 
facturers as a builder of a substantial volume of 
new business in a heretofore uncultivated field for 
electrification. 


DESIGN 


Many varying designs of stationary indirect arc 
furnaces were built both in this country and abroad 
shortly after the beginning of the twentieth century, 
but the difficulties encountered with electrical, 
mechanical, and refractory problems apparently 
precluded the commercial development of any of 
these designs to the point of general industrial 
utilization. 

During the World War the imperative necessity 
of a rapid melting medium for the production of 
brass and bronze castings stimulated the develop- 
ment of the electric furnace for such purposes and 
it was at that time that the rocking indirect arc 
electric furnace was designed and developed as a 
commercially adaptable machine. 

This furnace is of the horizontally cylindrical 
type with 2 electrodes, these being inserted from 
opposite ends at the axis of the furnace. The 
furnace is lined with high temperature refractories 


Fig. 1. A rocking indirect arc electric melting fur- 


This is a 350-Ilb 125-kw unit with friction 
drive through supporting rollers 


nace. 


° 


and a charging door and pouring spout are provided 
upon the side of the cylinder to effect easy manipula- 
tion. The furnace is carried upon a ring track 
which is supported by 4 rollers and the oscillating or 
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rocking movement is imparted to the furnace cylinder 
either by friction drive through the rollers or, as in 
the larger sizes, by means of ring gears and spur 
gears arranged coaxially with the ring tracks and 


Fig. 2. 


Rocking of this 3,000-Ilb 600-kw furnace is 


obtained with ring gear drive 


rear rollers, respectively. The 2 types of drive are 
shown in the furnaces illustrated in Figs. 1 and 2. 

An electric motor of requisite size is mounted 
upon the furnace base, this motor being controlled by 
a reversing switch actuated, through gears, by the 
furnace shell, the switch being so designed that the 
index or control levers upon the switch face plate 
correspond with the extreme positions of the pouring 
spout. In this way the operator may readily adjust 
the angle of rock or oscillation, it being only neces- 
sary to adjust the reversing switch index levers to 
the space or angle desired. This same switch is 
employed as a hand operated drum type controller 
while the molten metal is being poured and the 
switch design provides a control of the metal stream 
sufficiently precise to permit the accurate pouring of 
any amount of metal required even to the so-called 
“shrinking” of billets, ingots, or bars, when pouring 
into metailic molds. 

Current is carried from suitably arranged bus bars 
to the water-cooled electrode clamps by means of 
flexible apparatus cable, this cable being covered 
with -flame-proof insulation. The electrodes are 
adjustably mounted and their adjustment may be 
effected by either hand or automatic electrically 
operated control mechanism, as may be desired. 

Suitable indicating meters and a special integrat- 
ing kilowatthour meter are arranged for proper 
power input control, the rate of energy input being 
adjusted by controlling the distance between the 
2 electrodes and thus the length of the arc. Ob- 
viously the arc is maintained at the center of the 
furnace and only one electrode need be adjusted 
during the “‘heat’’ or melting cycle, the nonoperating 
electrode being moved inward between heats to 
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compensate for its consumption, input control being 
effected by occasional adjustment of the opposite 
electrode during the heat. 

A single-phase furnace transformer of special 
design is employed, the high voltage winding being 
adapted to whatever power supply service may be 
available and the low voltage open-circuit potential 
may vary between 90 and 130 volts, depending 
upon the furnace capacity and the metal to be 
melted. 

Suitable voltage taps, both above and below 
normal, are provided in the high voltage winding, 
and a reactor, for arc stabilization purposes, with 
variable taps for changing reactance values, is 
built within the transformer case, being mounted 
above the transformer coils. The amount of re- 
actance required varies according to the regulation 
of the power supply circuit and according to the 
metal being melted. By the latter it is meant that 
when melting a metal which volatilizes at a rela- 
tively low temperature, thus introducing excessive 
metallic vapor into the furnace atmosphere, the arc 
impedance is lower and the arc is less stable so 
that a relatively lower furnace voltage and higher 
reactance is necessary than when melting non- 
volatile metals such as iron. A typical layout 
plan illustrating the relative arrangement of the 
furnace, the transformer, and control apparatus is 
shown in Fig. 3. 

The furnace is lined either with refractory shapes 
or with a monolithic rammed plastic refractory, 
the former usually being more satisfactory because 
of the technique required and difficulty often en- 
countered in properly installing a rammed mono- 
lithic refractory material. The rapid commercial 
development of high temperature refractories during 
the past 5 years has produced a wide variety of avail- 
able refractory materials, adaptable to various 
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metallurgical operations with facility and economy 
previously unattainable. 


OPERATION— 
CONNECTIONS AND ELECTRICAL CONTROL 


It is of course desirable to install the transformer 
as close to the furnace as is practicable in order to 
avoid long low voltage conductors, and these con- 
ductors should be interlaced from the transformer 
terminals to a point near the furnace where they 
are segregated for the purpose of connecting the 
flexible furnace cables. 
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Fig. 3. Typical installation print showing relative 
positions of furnace, control panel, and transfcrmer 
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Fig. 4. Oscillographic records of a 600-kw unit 
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Fig. 5. 


(Left). 


Leaded bearing liner. 


(Right). 


The transformer voltage and reactance taps are 
connected for the desired energy input and arc 
stability. The nonoperating electrode is moved 
into the furnace so that its inner end projects about 
2in. beyond the center line of the furnace. The 
operating or controlling electrode is then moved in 
until contact is made and the arc established. The 
instantaneous rush of current occurring when strik- 
ing the arc will, in a properly installed furnace, 
reach a value of approximately twice the trans- 
former rated current capacity. Since the trans- 
former is usually connected to the 20 per cent re- 
actance tap this impedance together with that of 
the entire low voltage circuit, including furnace 
inductance and inherent arc impedance, precludes 
any value greater than from 2 to 21/2 times normal 
operating current. If it is desirable to hold the 
fluctuation or current surge to lower values than 
these, this may be very readily accomplished by 
inserting an additional reactor in circuit when start- 
ing a cold furnace, very simple switching equipment 
being provided for short-circuiting this reactor 
after the arc has been in operation for a few minutes. 

The average power factor at the high voltage 
terminals of the furnace transformer, after the 
furnace is heated up and in regular operation, should 
be not less than 0.80. Many carefully installed 
furnaces, where close attention has been paid to 
arrangement of conductors, as well as to the correct 
adjustment of voltage and reactance taps, have 
shown an actual average high voltage power factor 
of between 0.85 and 0.90. Oscillographic records 
of the current and voltage on a 600-kw furnace load 
are shown in Fig. 4. we) 

The electrical regulation of the indirect arc type 


JANUARY 1934 


Photomicrographs illustrating markedly uniform microstructure. 
approximately 75 diameters 


Both etched, and magnified 


78 per cent copper, 16 per cent lead 
Piston packing. 


60 per cent lead 


furnace is obviously materially better than that of 
the direct arc type. The arc, being sustained be- 
tween the 2 electrodes, does not swing or fluctuate 
as often or as widely as when the arc is between the 
electrode and the metal charge, as is the case in any 
direct arc furnace. In such a direct arc, the fluctua- 
tions are very frequent and very broad, either during 
the melting period when the arc is playing upon the 
rapidly varying contour of the cold scrap charge, 
or later when the arc is very short and plays upon 
the surface of boiling metal. 

In the indirect arc furnace neither the physical 
character of the charge nor the condition of the 
bath has any effect upon the arc regulation, and for 
these reasons this type of furnace offers a much 
simpler problem to the electrical engineer, as well 
as to the furnace user, whose operating problems are 
sufficiently difficult without the added complica- 
tions of an unnecessarily intricate electrical mecha- 
nism. 

Due to the rapid metallurgical development in 
the iron and steel industry, the wide adoption of 
alloyed materials and the wide diversity of analyses 
resulting from this practice, the present tendency 
both here and abroad is toward a greater number of 
relatively smaller furnaces instead of toward the 
concentration of operation in a single unit. This 
movement effects a higher diversity factor and 
improved load factor, and consequently an im- 
proved operating efficiency with lower power costs. 
The indirect arc type furnace, because of its rela- 
tively simple design and construction, its flexibility 
and ease of operation, and its effective metallurgical 
performance lends itself admirably to the modern 
trend of the metal industry. 


Fig. 6. Photomicrographs showing structures of air furnace iron (above) compared with iron produced in the 


rocking indirect arc electric melting furnace (below). 


All 4 photomicrographs etched, and magnified ap- 


proximately 125 diameters 


(Left, above). Ajir furnace white iron. 92.5 per cent carbon 
(Right, above). The same iron annealed; approximately 140-hr cycle. Tensile strength 55,000 Ib per square inch 
(Left, below). White iron produced in rocking indirect arc electric melting furnace. 2.5 per cent carbon 


(Right, below). Same iron annealed; 20-hr cycle. 


DEOXIDIZING ATMOSPHERE 


The indirect arc furnace inherently possesses a 
deoxidizing atmosphere, due to the prevalence of 
carbon monoxide gas liberated through the reac- 
tion of the incandescent electrodes and the arc 
itself. Such an atmosphere precludes the metallic 
losses ordinarily encountered in other types of 
melting furnaces. When melting charges contain- 
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Tensile strength 62,000 Ib per square inch 


ing expensive alloying elements such as chromium, 
nickel, vanadium, these losses in other furnaces 
often amount to a cost higher than the entire actual 
furnace melting or conversion cost. In the melting 
of nonferrous alloys, such as brass or bronze, the 
indirect arc furnace ordinarily shows a net metallic 
loss in the actual melting operation of only 10 to 25 
per cent of the losses involved in the operation of 
the fuel fired furnaces which they have supplanted. 
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This saving of metals as well as of operating cost 
is of vital importance to industry and to society. 

Where an oxidizing or other controlled atmospheric 
condition is desired, air or other gases may be very 
readily and easily introduced into this type of 
furnace under precise control, and this feature of 
this type of furnace has been found valuable to 
many users. 


TEMPERATURE CONTROL 


The energy input to this furnace is integrated 
by an especially designed meter equipped with a 
4-in. dial, so calibrated that the power used may be 
read to within 1 or 2 kilowatthours. The quantity 
of metal in the furnace being known, the rate of 
power input being uniform over any predetermined 
time, and the radiation loss being constant, molten 
metal temperature determinations by this method 
are very apt to be much more accurate than those 
made with ordinary precaution by any other than 
an experienced operator using the ordinary forms 
of pyrometric instruments. 

In fact, many concerns requiring precision tem- 
perature control find that a charted calculation of 
kilowatthours input into a charge in a given period 
of time affords the most satisfactory form of tem- 
perature control, a pyrometer being only occasionally 
used for checking purposes. 


ROCKING ACTION 


In the type of furnace described in this paper, 
undoubtedly the most outstanding characteristic 
is its rocking action. The principal design function 
of this action is to effect homogeneity of the con- 
stituents of the charge. Fifteen years of commercial 
usage have proved the effectiveness of this type of 
furnace in this respect to beyond any point of 
argument. In Fig. 5 is illustrated a high lead bear- 
ing mixture with which considerable segregation 
difficulty is ordinarily experienced. The markedly 
uniform microstructure will be noted. 

When the charge is first placed in the furnace and 
the arc is established, the furnace is started rocking 
through an angle of about 15 deg. As melting pro- 
gresses this angle is successively increased until, 
when the charge is completely molten, the charging 
door moves from metal level to metal level upon 
the opposite sides, or through an angle of approxi- 
mately 200 deg. This full rocking action, which 
occurs at the rate of 2 cycles per minute, is main- 
tained during the superheating period and 1s directly 
responsible for several highly beneficial effects. 

This movement produces a thoroughly mixed 
homogeneous molten bath. It facilitates complete 
degasification of the metal and insures freedom 
from occluded slag particles. In melting iron this 
rocking action at the elevated metal temperatures 
employed, expedites the solution of carbon and the 
breaking down of carbides. It effects a diffusion of 
nucleuses throughout the metal as poured which 
affords a brief path of graphite migration when this 
element is precipitated either as the casting cools 
or in any subsequent heat treating process. In Fig. 


JANUARY 1934 


6 is illustrated a comparison of air furnace iron and 
rocking electric furnace iron of identical chemical 
characteristics. The improvement in microstructure 
and physical characteristics shown is obviously the 
result of the rocking action at high temperature. 
The automatically controlled rocking action per- 
mits the use of charges containing 100 per cent 
borings and turnings which, while they consist of 
excellent metallurgical quality, are nevertheless the 
cheapest form of metal on the market, being almost 
unsalable in many localities. These materials are 
thoroughly adaptable to the production of the 
highest types of castings when melted in this type of 
electric furnace. Several castings of various usage 
made from charges consisting entirely of borings 
are illustrated in Fig. 7. This is an economic ad- 
vantage distinctly peculiar to this type of furnace. 
This rocking action increases the melting speed 
since the charge is heated not only by direct and 
reflected radiation, but by conduction as well, the 
metal picking up from the refractory walls the ex- 
cess heat absorbed by the refractory while it is 
exposed to the are. It will be recognized im- 
mediately that this reaction must effect improved 
thermal efficiency since it involves the transmission 
of refractory heat to the metal charge instead of 
through the refractory to be lost to the surround- 
ing atmosphere. This insures lower power con- 
sumption. 
By this means, also, the refractory lining is kep 
within a relatively narrow range of temperature rise 
above that of the metal, and because of this lower 


Fig. 7. Castings made from electric furnace charge 
consisting entirely of borings 


temperature is subject to less punishment by fusion 
or erosion than it would be if its temperature were 
intensely increased by more continuous exposure 
to radiation from the electric arc, as would be the 
case in a stationary furnace. The effectiveness of 
this function is evidenced in the relatively low re- 
fractory cost in this furnace when compared with 
others doing similar work. 

Contingent upon this excellent refractory per- 
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formance is another important matter. The free- 
dom from excessive refractory temperatures and 
consequent fusion of linings is partially responsible 
for the remarkable control of analysis obtained when 
melting in this furnace. In other types of furnaces 
uncontrollable silicon or other chemical pick-up is 
regularly experienced due to the fusion of linings 
which introduces undesirable reaction in the metal 
bath. The advantage of this type of furnace in 
avoiding such contamination is of great commercial 
importance. 
Since the electrode consumption of the electric 
are furnace is a function of the energy consumed, 
granting ordinarily good mechanical structure, it 
also becomes apparent that the furnace which uses a 
lower amount of power in melting should consume a 
correspondingly less amount of electrodes. 


UTILIZATION 


It then seems evident that the indirect arc rocking 
electric furnace should be an attractive melting 
medium in the ferrous and nonferrous fields from the 
standpoints of economy of operation, simplicity in 
performance, ease in manipulation, assurance of 
desired control, and quality of product. Let us 
for a moment study its field of use and the attendant 
results. 

Hundreds of these furnaces are in use in this 
country and abroad in brass and bronze foundries 
of every variety. In the melting of such alloys the 
homogeneity and temperature control afforded by 
this type of furnace are of extreme importance, 
and the furnace has heen found very effective in the 
elimination of segregation and of most of the troubles 
in foundry practice due to irregularities in pouring 
temperature. In bearing metals of high lead con- 
tent, the stirring action of this type of furnace 
is of unusual value, and because of this the furnace 
has been the means of solution of many critical 
manufacturing problems in several plants. 

In the melting of the various bronze mixtures 
used in plumbing fittings, pressure goods, and steam 
fittings, the close control of analysis and the assur- 
ance of dense, close grained metal is of utmost 
importance. The rocking action of this type of 
furnace, together with its freedom from oxidization 
and excessive local high temperatures in the molten 
metal, facilitates the production of a very superior 
casting with excellent economy. 

In the production of alloy steel castings, and es- 
pecially in the remelting of alloy steel scrap con- 
taining chromium, nickel, and other expensive 
alloys, the precise analytical control, the accurate 
control of temperature, and the complete recovery 
of alloy materials experienced in the use of the rock- 
ing indirect arc electric furnace, prove to be of ex- 
treme value to the many concerns employing them 
for this purpose. 

Perhaps the most important application of this 
furnace is in ils most recent adaptation to the iron 
foundry. During the past 3 years over 90 of these 
furnaces have been put to work in foundries produc- 
ing gray iron caslings, various types of malleable 
and heat treated iron, and alloy iron. 
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Only 5 years ago the use of cast iron in such form 
as an automotive crankshaft or camshaft would 
have been considered preposterous. Today thou- 
sands of automobiles are in service in which such 
shafts are made of cast iron, and the entire auto- 
motive industry is intensively studying the engineer- 
ing and economic feasibility of the substitution of 
properly designed cast iron for scores of parts which 
heretofore have been produced as steel forgings or 
steel castings. 

In the railway industry, the electrical industry, 
the production of automatic machinery, and scores 
of other important trades the many advantages of a 
precisely produced cast iron have been the means 
of not only lowering the cost of production but of 
simultaneously improving the product. 

Five years ago ordinary cast iron was considered 
as a material possessing tensile strength of from 20,- 
000 to 25,000 Ib per square inch, and utterly unfit 
for use in any application in which dependable 
engineering design was involved. Today, since 
the adaptation of the electric furnace to the cast 
iron field, tons of unalloyed, unheat-treated gray 
iron are being produced daily, which show 45,000 
to 50,000 lb per square inch tensile strength and 
correspondingly improved transverse strength. 


A Major METALLURGICAL 
AND MECHANICAL ENGINEERING CHANGE 


Many concerns are regularly producing heat- 
treated cast iron showing from 90,000 to 110,000 
lb per square inch tensile strength, with an elonga- — 
tion varying between 6 per cent and 2 per cent as 
may be desired. Such castings show a remarkable 
shock and fatigue resistance and possess a modulus 
of elasticity often above 30 million. These startling 
and somewhat revolutionary characteristics are 
acknowledged by leading engineers to be of inesti- 
mable value to industry. It is the writer’s sincere 
conviction that this rapidly occurring development 
in the cast iron industry constitutes a major metal- 
lurgical and mechanical engineering change. 

The highly desirable qualities and precisely con- 
trolled characteristics of these new cast irons may 
be enjoyed to the utmost only when produced in the 
closely controlled atmosphere and high temperature 
of the electric furnace. 

In the production of such materials the rocking 
indirect arc electric melting furnace holds a foremost 
position, and its utilization for such purposes, both 
in the production of metal and as a source of power 
load of vast potentialities, is being studied intensely 
by the engineering and executive authorities of the 
largest electrical manufacturers of the country, the 
public utilities, and the metal working industries in 
general. 

It is the writer’s belief that before the close of the 
present decade there will be installed and in use in 
this country electric iron melting furnaces totaling 
over 250,000 kw capacity and using over 500,000,000 
kwhr to produce approximately 100,000 tons of cast 
iron annually. The present rate of installation and 
the character of the interest shown would indicate 
such an estimate to be conservative. 


ELECTRICAL ENGINEERING 


Protecting Machines 
From Line Surges 


Some of the more important technical 
problems involved in connecting rotating 
machines directly to overhead electric 
power transmission lines are discussed in 
this paper. Methods are developed for 
protecting the ground and turn insulations 
of the armatures of such machines which 
may be subjected to surge voltages. The 
ground insulation can be protected by 
lightning arresters; the turn insulation, by 
sloping off the incoming surge. Methods 
are given for determining the maximum 
allowable rate of rise of voltage at the 
machine terminals, and the apparatus 
needed to limit the rate of rise to that value. 


By 
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[. connecting rotating machines di- 
rectly to overhead electric power transmission lines, 
the possibility of surge voltages reaching the arma- 
tures of the machines introduces a serious problem. 
The purpose of this paper is to discuss some of the 
more important technical phases of that problem and 
to put part of the problem on a more calculable 
basis. The real problem has been not so much to 
name means of protection, but (1) to outline means 
that could be applied safely and economically and 
(2) to build up means of predetermining the pro- 
tection required. In this paper, it is not intended 
to make general recommendations concerning the 
protection of machines of various voltages and rat- 
ings, but rather to furnish means of determining 
suitable protection for any specific machine. 

Suitable methods are demonstrated for protecting 
the ground insulations and the turn insulations of 
armatures that may be subjected to surge voltages. 
The test waves used in this investigation were 
11/, x 40, #/. x 5, and 10 x 20 usec. For multiturn 
coil armature windings, a method is given by which 
the maximum allowable rate of rise of voltage at 
the machine terminals may be calculated in terms 
of the design constants of the winding; in the 
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development of this method of calculation, electro- 
magnetic and electrostatic coupling between turns 
has been considered. A method also is developed 
for determining the apparatus necessary to limit the 
rate of rise of terminal voltage to the desired value. 
Calculated surge impedance data based on 3 dif- 
ferent methods of measurement are given for a 
25,000-kva synchronous condenser armature winding. 

From the results of this investigation the following 
conclusions may be reached: 


1. The crest voltages of surges that may reach the machine arma- 
tures should be limited by lightning arresters at least to the crest 
value of the 60-cycle test voltage. ® 13 


2. On machines with the same ground insulation throughout, the 
ground insulation can be protected by lightning arresters regardless 
of the wave steepness and length for any of the usual winding 
connections. 


3. A machine with graded insulation should be Y-connected and 
have a grounded neutral (preferably solidly grounded). It can be 
protected, so far as the ground insulation is concerned, by the proper 
application of lightning arresters. 


4. The turn insulation can be protected by sloping off the incoming 
wave. The necessary value to which the rate of rise of terminal 
voltage must be limited can be calculated as outlined in Appendix I. 
The approximate rate of rise of voltage obtained when certain 
protective apparatus is used can be calcuiated as outlined in Appen- 
Gixelle 

5. The surge impedances of the machine when connected in various 
ways was determined by 38 separate methods of measurement. 
(See Appendix III.) Substantially the sa2ame values were found by 
2 of these methods of measurement, and the third gave values of 
the same order of magnitude. However, these values are all much 
less in magnitude than those published by other authors for certain 
other machines. Consequently, it is believed too early to generalize 
concerning the surge impedances of rotating machines. 


6. In all the surge studies on the synchronous condenser used in 
these tests, the influence of saturation was found to have a small, 
though measurable, effect. The electromagnetic and electrostatic 
coupling between phases of this machine, which is of normal design, 
did not produce important effects. Rotor position did not have an 
important influence on stator surge voltage distribution. When the 
rotor was completely removed from the stator, substantially the 
same voltage distributions in the armature windings were noted 
during surge tests as before the rotor was removed; but a pro- 
nounced difference in the impedance functions for various armature 
winding connections was observed. 


How SURGES PENETRATE ARMATURE WINDINGS 


There are 2 main arimature insulations to be pro- 
tected, the insulation to ground and the insulation 
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Fig. 1. Network representing approximately the 
circuit of a multiturn coil armature winding 
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Fig. 2 (above). Y-connected, ungrounded neutral, unprotected 


Fig. 3. Y-connected, ungrounded neu- 
tral, ground insulation protected by a 
lightning arrester at the neutral 
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between turns. Keeping these in mind, it is de- 
sirable to obtain a mental picture of a voltage wave 
penetrating the armature winding of a rotating ma- 
chine. 

A surge may be thought of as an entering wave of 
charges all of one sign. The voltage wave produced 
by these charges may be thought of as a composite of 
harmonics, several of which are of frequencies higher 
than 10,000 cycles per second. Consequently, the 
generator winding should be treated more nearly in 
its entirety as a complicated network of inductance, 
resistance, and capacitance than is done in ordinary 
60-cycle design or short-circuit studies. A concep- 
tion of the conditions can be obtained from Fig, 1. 
In addition to the circuit constants shown, there is 
capacitance between coils, some capacitance to 
ground in the end winding, and some mutual induc- 
tance. Further than this, the constants are dis- 
tributed rather than being a series of small lumped 
constants as they are shown to be in the sketch. 

From the foregoing discussion of the armature as 
a network, it may be seen that the energy must flow 
into the winding somewhat as a cloud of vapor en- 
tering a labyrinth. While the surge enters primarily 
along the copper, it also billows in by innumerable 
other paths. The phenomena really present a 3- 
dimensional electrostatic and electromagnetic field 
problem rather than a circuit problem, but, as such, 
would be unsolvable; hence it must be treated as a 
circuit problem of some description. 

There are at least 4 schemes of simplifying the 
network: (1) treating the machine as one con- 
tinuous line and neglecting all coupling between 
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Fig. 4. A-connected, unprotected 


Fig. 5. A-connected, ground insulation 
protected by a lightning arrester at the 
midpoint of each phase 
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Figs. 2 to 10, inclusive. Results of surge voltage tests on a 
25,000-kva synchronous condenser. The small diagrams. 
show for each set of curves the actual test connections, point 
of application of surge, and dimensions of wave in micro- 
seconds. Numerical designations on the curves indicate 
the number of microseconds after start of applied wave 


turns; (2) treating the machine as an appropriate 
group of lumped constants; (3) extending scheme 2 
by allowing the number of turns to increase without 
limit; and (4) considering the penetration into the 
first coil of a multiturn coil winding by assuming it 
to be similar to a group of parallel lines with one 
line discontinuous. 

Each of these methods should be used only where 
checks with test data indicate its reliability within the 
desired range of application. In general, when the 
machine terminal voltage is increased suddenly and 
held at a constant value indefinitely, a final steady 
state voltage distribution is found. This voltage 
distribution depends on the winding connections and 
the magnitude of the applied steady voltage. Super- 
posed on this is a decaying oscillating voltage starting 
in any case so as to produce a very large voltage drop 
across the terminal coils. This is true regardless of 
the winding connections. 

One question of considerable interest is whether or 
not the resistance of the machine winding when con- 
fronted with a sudden change of voltage is ever 
likely to be an important damping factor. Numer- 
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Fig. 8. A-connected, unprotected 


ous tests with surge generator and cathode ray 
oscillograph apparatus indicate that it will not. (See 
figures 2 to 10, inclusive.) From calculations using 
the measured impedance function (impedance vs. 
frequency) and by treating the machine as a con- 
tinuous line, the same conclusion may be reached. 

Since the damping action of the armature re- 
sistance cannot be counted on to prevent severe 
oscillations within the armature winding, other 
methods must be considered. In all cases, the 
terminal voltage must be limited at least to the crest 
value of the 60-cycle test voltage.*!* Where the 
terminal voltage may exceed this value, a lightning 
arrester at the machine terminals should be used. 
This is all that is required to protect the ground 
insulation of a normally insulated Y-connected 
machine with a solidly grounded neutral. (Turn 
insulation will be discussed later.) 
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Fig. 9. Y-connected, grounded neutral, unprotected 
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Fig. 10. Y-connected, grounded neutral, ground insulation 
protected by lightning arresters to permit the use of graded 
insulation 


Effective and economical methods for protecting 
the ground insulation are demonstrated in Figs. 2, 
3, 4, and 5 for 3-phase machines when Y-connected 
with ungrounded neutral, and when A-connected. 
The applied voltage used in those cases was a 
11/,; x 40-ysec wave. The numbers on each curve 
indicate the number of microseconds after the start 
of the applied wave. The data in these curves were 
obtained on a 25,000-kva synchronous condenser. 
About 1,000 cathode ray oscillograph films were 
taken, and these curves are simply summarized 
material. 

It may be well to consider the effects of certain 
other voltages at the machine terminals, such as 
1/, x 5- and 10 x 20-usec waves. . Results of tests 
with these waves are shown in Figs. 6, 7, and 8. 
If waves of both of these latter types are actual 
possibilities, the general necessity for protection is 
about the same as for the 1!/, x 40-ysec wave. 
Incidentally, 1/, x 5- and 10 x 20-ysec waves are of 
the character of those that may reach a rotating 
machine, even though it be connected to a trans- 
mission line through a transformer. 

So far, the possibility of grading the insulation to 
ground has not been considered in this paper. 
Graded insulation may be very desirable in the de- 
sign of higher voltage rotating machines, because 
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of the truly appreciable saving of space for active 
materials. The voltage to ground must be limited 
in accordance with the insulation strengths. The 
machine should be Y-connected, and it is highly 
desirable to ground the neutral solidly. Assuming 
2 thicknesses of ground insulation on such a ma- 
chine, a very effective method of protection is 
demonstrated in Figs. 9 and 10. 

The protection of the turn insulation should be con- 
sidered next. The winding using concentric turns, 
(one actually inside another within one slot) which 
was introduced in Europe for high voltage machines, 
should give adequate protection to the turn insula- 
tion if the ground insulation is protected properly. 
Because of economic considerations in the construc- 
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(see eqs 20 and 25) 
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tion, assembly, and possible replacement of coils, it 
is unlikely that this type of winding will be favored in 
the United States. Therefore, the more usual rec- 
tangular coil sections will be considered. If a greater 
part of the energy of the incoming wave could be 
by-passed into the succeeding turns of the machine, 
adequate protection could be attained. However, 
there seems to be no way of accomplishing this with- 
out an undesirable complexity in the wiring con- 
nections. In previous articles®*®!3 it has been 
shown conclusively that sloping off the incoming 
wave will give adequate protection to the turn in- 
sulation. General recommendations have been 
made. * 

However, for large and important machines, 
special consideration should be given each specific 
case to predetermine (1) the maximum allowable 
rate of rise of voltage at the machine terminals and 
(2) the size of the apparatus needed to limit the rate 
of rise to that maximum value. These 2 features are 
discussed in detail in Appendixes I and II, respec- 
tively, but will be described briefly now. 

On the muliturn coil winding, the procedure out- 
lined for determining the protection of the turn in- 
sulation is as follows: Make the calculations indi- 
cated by eq 25, with the aid of Fig. 11. Choose the 
appropriate factor of safety based upon the factory 
test voltage that has been used for the turn insula- 
tion. Determine the shortest allowable time in 
microseconds -for the surge to reach crest value, on 
the assumption of a straight line voltage rise, and 
from this determine the maximum rate of rise of 
terminal voltage. Then the apparatus required to 
limit the rate of rise to this maximum value can be 
calculated according to Appendix II. If this is to 
be done according to the scheme in which the 
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condenser is fed through 2,000 ft of line, the approxi- 
mate surge impedance of the machine and of the 
overhead line must be known. Then, using the 
maximum rate of rise of terminal voltage just found 
and curves made up from eqs 35, 36, 37, and 38, the 
appropriate value of capacitance to be placed at the 
machine terminals can be established. 


Appendix I—Calculation of Maximum 
Allowable Rate of Voltage Rise 


It is desired now to develop some means of estimating the maxi- 
mum voltage between turns of the first coil in a multiturn coil 
armature winding when a voltage having a given rate of rise is 
applied at the machine terminals. Tests show this maximum to 
occur during the first 1 or 2 usec after the voltage is applied if the 
rate of rise at the terminals is steep. When the rate of rise at the 
machine terminals is not steep, the maximum voltage between 
turns may occur later, but does not seem to be of sufficient magnitude 
to warrant study at this time. In the former case, the maximum 
voltage between turns occurs when the wave has had about time 
to travel around one turn of the winding and come back under 
itself. This is based upon an assumed velocity of the main wave in 
the first turn equal to the average velocity of the main part of the 
wave in the entire machine. However, this maximum voltage 
between adjacent turns is considerably less than the voltage to 
ground on the terminal lead at this same instant. This shows an 
appreciable induced voltage in the other turns of the first coil while 
the main incoming wave is in the first turn of the first coil. 

The turns may be represented as shown in Fig. 12, where the open 
conductors represent the end turns and the solid conductors the 
parts of the coils which are in the slots. The point at the right end 
of turn 1 in the Fig. 12 is identical with the left end of turn 2, etc. 
The problem is similar to that of several parallel lines. It will be 
shown that a satisfactory solution can be obtained for the voltage 
distribution in the first coil by treating the multiturn coil as n 
parallel no-loss lines of infinite length. They can be treated as 
being of infinite length because the waves have not come quite 
back to a point just above or below their starting points at the time 
of maximum voltage between the first 2 turns, and it is only up to 
this instant for which calculations need be made. 


Fig. 12. Representation of 
turns in a multiturn coil 
armature winding ; 


The problem of 7 parallel lines with one line discontinuous will 
be considered next. The surge will be assumed to originate at the 
point of discontinuity on line 1, at which point x = 0. The form 
of the general equations to be used at any given value of x is 


Vy = Kin qn’ + Kye Qe’ ae Oa ae Ges Ge 
Vo" SV Ki qi’ + Koo qo" Soe aE Kan Gia: 
: (1) 


Vee = Kn qi’ ae Kno qo" + ot hs + Kee One 
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where the V’s designate voltage, the K’s coefficients of potential 
and the q’s charges per unit length of conductor. ‘The subscripts 
indicate the numbers of the lines, and the primes indicate relations 
existing to the right of the point where x = 0. Similar equations 
«an be established to express the relations existing to the left of the 


point where x = 0; double primes will be used in those equations. 
On any line m, 


— Om! _ dm’ 

Ox = Ot 
where ¢ indicates time in seconds. Similarly, 
— Mm" _ 29m" 

Ox ot 


This leads to a set of differential equations: 


ONS ak eet din! din! 
cs Rae ch oie oh Kine 
Oa SOHN din’ din! 
5 Kat Kus. GP ooo Sed On 
fy (2) 
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where the 7z’s designate currents. 
set up for the voltage gradients: 


Also, a set of relations may be 


OUR ae din! din’ 
eno cape! ot ie 
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(3) 
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where the L’s and M’s designate self and mutual inductances, 
respectively. 

Solutions for the voltages and currents from these equations will 
be of the form 


AS = A m f(x ain vt) 4p IB g(x a vt) \ (4) 
a, = Df + %) + Gp ge — v2) J 


where A,,, Bx, Dm, Gm, and » are constants. 
The boundary conditions to be satisfied are 
aq’ ~ 0, 
Also, when m * 1, then for x = 0 


qn” = 0 = h” ) 


(5) 
Wo. = Vier ee — Te vee = Ym" 
Pe — —VGm" Ga a — dm" 
From eq 1 it may be noted that 
Vo’ = Kn qi’ + Ka @’ +... + Kam dm’ +... + Ken qn’ 
VV,” = Ko go” +...+ Kom Cink +...+ Kin Qn 
5 : : | 
(6) 
F 5 ; . H 
ax = Kn qi’ ata Kn2 go’ ++ ene + Tia Gres ar omc ie, ae Kann Qn | 
Vi = => Kae qo” Senet Kee OM SP. aoe Kin Qn 


It may be observed that the boundary conditions are satisfied if 
dn" = —Gn' and Vm" = Vm’ not only for x = 0, but also for all 
symmetrical values of x; it will be assumed now that this is true, 
and also that the final solutions for current and voltage must be 
unique. It remains to be shown that, on the basis of these assump- 
tions, solutions can be found of the form shown in eq 4. All the 
constants in the final solution will be determined because the 
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boundary conditions have been satisfied by the assumptions just 
made. 


Equations 6 occur in pairs (except for m = 1); consequently, 
(n — 1) simultaneous algebraic equations in the q’s can be formed 


and all values of gm’ or g»” fouiud in terms of qi’. Thus, 
Q’ = pr gr’, Im’ = pmg'’ ete. (7) 
where 
Kip 
Ko... Ko (m — 1) 3g Ke (m +1)... Ken 
Ki; 
Kz. - Ka (m — I) Ka (m + 1)... Kan 
Kin > 
Kno Kn (in — 1) Kn (m + 1)... Kan | 
pm = (8) 
| Koo Kos... Kan 
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| Kis ee sue x6 Kis 
Then, 
Vi’ = (Ku + p2 Kio + ps Kis +... + pr Kind’ = 01 gy’ | 
where (9) 
o = (Ku + po Ki2 +... + pn Kin) J 
Thus, 
Oia 
Bt ae ne) 
Similarly, since 7, = vg’m, then 
_aW _ di 
on =|=—CO «CO 
where (11) 
A = (i + pp Mv +... + pn Min) 
Then, 
02 V1’ =. O1 072 V;,’ 
ot? ON Ox? (12) 
From which 
Vi’ = Ai f(x + vt) + Bi g(x — »t), where vy = Vo1/™1 (13) 
gq’ =—; andi’ =— Vy'; Vin! = Vi'5 im? = mtr’ (14) 
O11 Oo. onl 


From the foregoing, any value of current and voltage can be 
established, but the relations are still very clumsy for engineering 
use, because pm, Om, etc., require too much time to calculate. The 
problem must be simplified further. 

In doing this, first consider the case of » parallel lines all con- 
tinuous with a surge originating on line 1 at a point x = 0. Then 
general relations and boundary conditions can be written in a 
manner similar to that just outlined. If it be assumed that all 
charges and currents are zero on lines other than that on which 
the surge originates, a solution may easily be found that fits all 
boundary conditions. The voltages on all lines are linked in a simple 
electrostatic field problem where charges exist only on line 1. 

If the system with one line discontinucus can be expressed in 
terms of the case with all lines continuous and some capacitance 
coupling constants, the problem is simplified readily. (In passing, 
it may be mentioned that by superposing these 2 solutions, almost 
any desired boundary conditions can be satisfied.) The 2 cases 
that have been discussed are shown in Figs. 13B and 13A, respec- 
tively. It may be noticed that in Fig. 13B an additional line has 
been inserted to the left in the No. 1 position. If all lines could 
be assumed negligibly small, and the usual assumptions concerning 
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circuit constants are considered, it is seen that the presence of line 1 
to the left, when not electrically joined to anything at point x = 0, 
has no effect on the electrostatic field. 

Now, if the surge in Fig. 13B were applied on the left-hand part 
of line 1 and this superposed on Fig. 13B, all charges on lines other 
than No. 1 would cancel, and all voltages on lines other than No. 1 
would be doubled. The charge on all parts of line 1 would be the 


avi’ < av/ 


0. The 


same, out as far as the waves had traveled from point x = 

voltage on lines 1, right or left, would be ,Vi’ + ,V1’. 
The problem now is to find the relation that will give ,Vi’/,V2’ 

in terms of .V;'/,V2’ and any simple arrangement of capacitances, 


because from the foregoing it is apparent that .Vi’/,V,’ is much 
easier to establish than ,V1'/,V,’ by straight arithmetical calcula- 


tion. This relation can be established as follows: 
Let VAL = Vi! + Vi"; then a V2’ = 2, V2" (15) 
aVy’ ay aV2" 20V2’ 
eteec.— ; =1- ———{ 
cas aV; Vi’ + oN te) 
biaeeVies | 2 2 
OSD ee t7) 
Now, »Vi” can be obtained in terms of ,V2’ as follows: By Fig. 
14A, C, and C, are defined, and it can be written that 
Yi" = C Vo"; then Ve’ = V2” 
ova (PERT S bV2 = oVe2 (18) 
and 
in es oe 
0 Vs" co 1 C\/Ce + 1 (19) 
and 
V2! 1 
=i a22 24| 2 
us bVi’ 1 2 it 
Cie (20) 


Ji 
2 


The value of £, can be expressed readily in terms of C,/C, and the 
number of lines, , since it simply involves the relative voltages at 
points connected by the chain of capacitances as shown in Fig. 14A 
when a charge is placed only on the first conductor (at the top of the 
chain). This makes it possible to plot &, as a function of C1/C2 
for various numbers of conductors 7. This will be made use of later. 

Numerical calculations have shown that the capacitances between 
the end turns are not negligible quantities. The capacitance to 
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ground in the end windings is relatively small and the inductance 
is small, so the end winding probably should be considered as 
joining the conductor of one slot to another by a small capacitance 
coupling, and as furnishing lumped capacitances of considerable 
size between adjacent turns within each coil side. However, even 
this sort of an approximation results in very involved calculations. 
Reasonable results can be obtained by assuming the capacitance 
between turns in the end windings to be distributed uniformly in 
the slots, and by assuming the end turns to perform the duty merely 
of conducting links between slot conductors. 

A further approximation is involved in the treatment of the slot 
problem, which is as follows: In reality, the electric wave is re- 
tarded greatly so that it is no longer possible to assume that the 
electrostatic and electromagnetic fields lie in planes strictly per- 
pendicular to the conductor. However, the insulation thickness 
relative to the length of the slot is very small, and the distortional 
effect on the wave in going around one turn, due to the reduced 
velocity and changed constants, is probably small. An idea of the 
accuracy of this method of calculation can be obtained from Fig. 15. 

It is customary to test the turn insulation before coils are assem- 
bled in the machine, by impressing a voltage Er at high frequency 
across each armature coil. The voltage per turn under this 
condition will be equated to that experienced on a surge with a given 


bv CH 
Cc; 


b v3 


b vs 


cj 


Fig. 14B 


rate of rise at the machine terminals. Factors of safety can be 
taken on this at the discretion of the designer. 
Refer to Fig. 16; then by the arrester setting, 


Eg = & V 2 IEG 


arrester voltage, H, = line-to-ground voltage of the 
From Fig. 14B, 


(21) 
where EF, = 
machine, and £9 is a constant defined by eq 21. 
t 

Vi! = 7 Ea, and (&)Vi' = ~%& Ea (22) 
where b = time in seconds for the wave to travel around one turn; 
t, = time in seconds for the wave to reach crest value E,, on the 
assumption of a straight line rise in voltage. This will be equated 
to the crest voltage on the high frequency test as follows: 


tt Eg E 
7, 88 & V 2B,=| Vv 2 , giving to = nh fb Fe (23) 


where nm = number of turns per coil. Assuming the wave velocity 
in the slot as 10,000 miles per second, and that in the end winding 
as 125,000 miles per second,® 


Pe 2X le 
; 12 X 5,280 X 10,000 


ar (24) 


(MT) — 2Ic 
(12 X 5,280 X 125,000) 


where le = core length of machine and MT = coil mean turn length, 
both in inches. The §, is calculated as shown in eq 20 and 
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Er 63.36| 10 (25) 


“eas ae |? agar ae | 10-8 


(Note that & is plotted in curve form, as shown in igveds) 


Appendix II—Calculation of 
Protective Apparatus Required 


The rate of rise of the voltage at the machine terminals may be 
limited by a capacitor at the terminals fed through a given length 
of line, as has been described in a previous article.8 This scheme is 
indicated in Fig. 16. An analysis to show the approximate per- 
formance of this scheme now will be given. 

The machine is to be treated as a line of surge impedance, Z2, so 
far as reflections at its terminals are concerned. The incoming 
surge, E, from the open line will be assumed to have a steep front 
and long duration. The wave to the right of the arrester will have 
practically an infinitely steep front to arrester voltage and a flat 
top for several microseconds thereafter. If this wave suffered no 
reflections, it would remain flat topped until the voltage of the tail 
of the incoming wave, EZ, dropped below the arrester voltage, Eq. 
However, reflections do occur at the machine, and in turn produce 
other reflections at the arrester, which must be considered. This 
requires certain assumptions concerning the arrester performance, 
as follows: 


1. If the arrester draws current, it will be such as to limit the 
arrester voltage to E,. 


2. If the arrester draws no current, the voltage, e,, across the 
arrester is such that —E, <e, <+&,. 


Fig. 15. Compari- 
son between calcu- 
lations and test re- 
sults. Solid lines 
determined by tests; 
dotted lines by cal- 

culations 
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In fulfilling the first condition, voltage waves arriving at the 
arrester from the machine may be thought of as passing over the 
arrester and, simultaneously, voltage waves of equal form but 
opposite sign must be considered as emanating from the arrester 
and traveling in both directions from the arrester. The resulting 
current waves can be calculated readily. When condition 2 of the 
arrester performance is reached, it will become apparent in such a 
calculation. So far as conditions between the arrester and machine 
are concerned, and until the condition 2 for the arrester 1s reached, 
it is as though the voltage waves arriving from the machine to the 
arrester were completely reflected at the arrester with reversed signs. 
If the line surge is of a sustained large magnitude, arrester condition 
1 exists long enough to permit several oscillations to occur between 
the machine and the arrester. d 

Consider then the first wave passing over the arrester. It is 
rectangular and flat topped; upon reaching the machine terminals, 
the following relations hold: 


E, = E, = Ea + Ew = 2 Ze (26) 
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where E, = voltage across the arrester; 7. = current entering surge 
impedance Z.; E, = the voltage across the capacitor; EH, = voltage 
on Z, at the capacitor and Ey, is the reflected wave defined by 
eq 26. 


qy = oe nd te c ry = 1y 12 (27) 

OV, I IB E E 
C Pl Bae Be 

dt Zi Zi Zs 2, J ee 
where C = capacitance of the capacitor and 2; = line surge im- 
pedance. Arranging in operational form, 

/ 1 
ieee Z,2+Z (29) 
jee Aon eS i : 
NB 


d es 
where » = the differential operator > , and 1 represents Heaviside’s 


dt 
unit function. Then, 
a = S(1 — eat) (30) 
where 
zd 222 ae Ze + Zy RA aed 
Sean eer ARES he Ty 


t = time in seconds after wave reaches arrester; and 7; = time in 
seconds for wave to travel from arrester to machine. A part of 
this wave returns to the arrester, namely [(S — 1) — S(e~%4)] 
and reflects there with reverse sign. A part, S(1 — e7~@), enters 
the machine winding. The time required for the voltage wave to 
travel from the machine to the arrester and back, 27;, is only 
about 4.07usec. The time required for a wave to reach the machine 
neutral and return, 27>, is usually much longer on a large machine. 
(On the 25,000 kva synchronous condenser for which tests are 
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Fig. 16. Method of limiting rate of rise of voltage 
at machine terminals by a capacitor at the machine 
terminals fed through a given length of line 


reported in this paper, 27, = 38usec.) Consequently, several 
reflections between the arrester and machine may occur before any 
effect from the machine neutral takes place at the machine terminals. 


Hence, for 7; < t < 37;, when 27) > 27) 


Ee 
Ea 
For 87, < t < 57;, when 27, > 4T,, by the use of Heaviside’s 
superposition theorem, 


= Sa ena) (31) 
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=? = S(1 — e eh) — (§ — 1)SU — eat) 


t 
4 fst cat) Sear dr 3?) 
dtu 


Be _ § [1 — eat] — (S — 1) S [1 — cam] + a S?ty ema (33) 


where f, = ¢ — 38Ti 


Similarly, E./E, can be found for successive periods of time as 
5T, < t < 77; when 27, > 67}, etc. These have been calculated 
for several periods, but require too much space to be included in 


this paper. Note, however, that when 

eh is 2, 2 250; C2010 X 10% 100 < 2 < 1,500 (34) 

Then ¢ = 7.14 X 10-8, which is a far longer time than it takes for 

the wave to travel around one turn of any commercial machine; 

d(E./Ea 

consequently, the values not Ole but of ( Meee ), when the latter 

are largest are the things that are of greatest importance. These 

values of GnTEs) were determined from se and are as follows: 

hop = eg (35) 

dt 

act = Ty; CELED © salt + 2m (6) 

Att = 5T; — = Sa[l + (1 — 2aST;) C-2eT, + €—4eT1] 
(37) 

IN? (Be eee) = Sali + (2S%a?T\? — 4SaT; + 1) «-2eT: 


+ (a A SaT) e—4aTi + e—6eT1] (38) 


The method of protection shown in Fig. 17 often has been dis- 
cussed. Of course, the problem of obtaining a lumped inductance 
makes such a scheine one for which the performance is very difficult 
to predetermine without considerable test data. This scheme 
generally has been considered too expensive, but the writer is of the 
opinion that the method warrants considerably more attention, 
and may prove in many applications to be the most suitable. 


Appendix III—Surge Impedance Data 


From the foregoing analysis of the capacitance required at the 
terminals to limit the rate of rise of voltage on multiturn armature 
windings, it is apparent that surge impedance data need to be 
collected. Considerable data are available on surge impedances 
of open lines. These usually lie in the range of 250 to 600 ohms. 
Surge impedance is a less definite physical entity for machines; 
however, it is a sufficiently constant value to warrant its use in 
calculating conditions external to the machine. Measurements 
were made on the 25,000-kva synchronous condenser by two methods, 
each of which required the use of a surge generator and cathode 
ray oscillograph: 


1. A surge was applied to one end of one phase, and the rise in 
voltage at the open-circuited opposite end was recorded. The 
resistance to ground at the neutral required to reduce the maximum 
voltage at the neutral to half that found on open circuit was deter- 
mined, and this was called one measure of the surge impedance. 


Fig. 17. Method of 
protection using lumped 
series inductance and 
shunt capacitance 
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2. The resistance equal to the surge impedance determined by the 
above method was left in at the neutral, and the voltage to ground 
and incoming current measured on surge at the machine terminal. 
The “surge impedance” then was determined as a function of time. 
Readings were taken for phase A with the rotor in and on the direct 
axis of phase A, and with the rotor in and on the quadrature axis 
of phase A (both with and without field excitation); readings also 
were taken with the rotor out. Waves of about 1 x 40 to 1 x 60 psec 
and 10 x 40 to 10 x 60 usec were used in each case. 


These 2 test methods showed results as follows: (1) The average 
surge impedances measured by the different methods were of the 
same order of magnitude, though at some instants the second method 
might give values differing by 50 per cent from those determined by 
the first method; (2) there was no great effect of coupling between 
phases; (3) the surge impedance is about the same with the rotor 
in and on the direct axis as with the rotor in and on the quadrature 
axis, or with the rotor not in at all; (4) the change from 1- to 10-ysec 
fronts (with 40- and 60-ysec tails) on the applied surge had only a 
small affect on the average values of the surge impedance; (5) the 
values obtained on this 3-turn coil machine are much lower than 
those shown in certain earlier papers® 8 on some other machines. 
The values obtained on the particular machine referred to in this 
paper were roughly as follows: 


Onessection phase Zann ges fae at enhcsnuer een Seats aoe ante  orereen renee 365 ohms 
Bothisections; phase #Ai,aniparallelivy quer yee opie siete eee ine raed ear 190 ohms 
All;sections,-alliphases,ini-parallelisey yee au ete iene alemdar aioe! 43 ohms 


(Each phase had 2 parallels; in this iabuletion: one section means 
one of these continuous circuits in one phase. ) 

The methods of measuring surge impedance by means of a surge 
generator and cathode ray oscillograph are somewhat cumbersome. 
It seems possible to obtain approximate data by the use of an 
oscillator and of a capacitance bridge. Suppose the machine reacts 
asano-lossline. The impedance function (impedance vs. frequency) 
can be measured with an oscillator outfit. Its total capacitance to 
ground can be measured with a capacitance bridge. On the basis 
of these assumptions and measurements, the surge impedance can 
be determined. The surge impedance of both sections of phase A 
in parallel when found by this last method gave 145 ohms as com- 
pared with about 190 ohms found by using the data taken with the 
surge generator and cathode ray oscillograph. Apparently the use 
of the oscillator and capacitance bridge does not give accurate data, 
but when corrective methods are devised, it may be made to give 
a fairly good approximation of the surge impedance with only a 
small amount of work to obtain readings. 
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Electric Power Switching 


Deel ost MEETING 
in Baltimore, Md., 
October 12, 1932, the 
Institute’s committee on 
power generation decided 
to prepare this symposium 
because it felt that the 
profession wanted to know 
of the progress and improve- 
ment which had been made 
in switching large amounts 
‘of energy, the trends of the 
latest designs, and the limi- 
tations and operating ex- 
perience which the recent 
types of stations had shown 
under actual working con- 
ditions. Accordingly a plan 
was developed for a group 
of papers not so much to bring out the description of 
a few typical modern large switching plants as to tell 
the reason for their existence and to explain their 
particular functional performance, how far the 
. designs attained or fell short of the objectives which 
had been set for them, how adequately they met 
the requirements of present day operation, and what 
their records had been for serviceability and relia- 
bility. It was hoped also that trends or changes in 
the switchgear, and in bus and control arrangements 
would be indicated. Naturally, it was realized that 
the economic aspect of the designs was of great 
importance but because of the extra labor this would 
have required of the authors of the papers this phase 
of the investigation had to be foregone. The com- 
mittee felt that if several authors would each pre- 
pare a paper on the modern plant with which he was 
thoroughly familiar, more of the worth while design, 
operating features, and intimate difficulties would be 
covered than by any other plan. With this material 
available then the engineering fraternity could 
make its own comparisons and draw its own con- 
clusions. 
The original plan contemplated 7 papers in all, 
2 of them to be on the switching at hydroelectric 
plants, one from the West coast and one from the 
East coast. Unfortunately, it was not feasible to 
include these at the present time so the symposium 
consists of 5 papers on the switching of energy at 
steam-electric plants. A summary of these papers 
follows: 


1933 issue. 


PERIOD 


The switching plant designs treated in this sym- 
posium cover the period from 1922 to 1932 in the 


mmended for publication by the A.I.E.E. committee on 
heduled for discussion at the A.J.E.E. winter conven- 
Manuscript submitted Nov. 20, 1933; released for 
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Full text of a paper reco 
power generation, and sc 
tion Jan. 23-26, 1934. 
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JANUARY 1934 


Ba AL EREDS EL ALOVELL wenccean ee 


University of Michigan, Ann Arbor 


A SYMPOSIUM on switching power at 
modern large generating plants is included 
on the program of the Institute's forth- 
coming winter convention. 
each describing the facilities at one such 
plant, are to be discussed. Three of these 
papers are included in this issue, the other 
2 having been included in the December 


as an introduction to this symposium. 


following order: Hudsor 
Avenue 1922; Richmond 
1925; Long Beach and State 
Line 1928, and Essex 1932. 
Thus there is a very uniform 
advance of time between the 
various plants described. 
Five papers, Sip 
All the stations are of large 
capacity, the individual 
ratings being as follows: 


Hudson Avenue—planned for 
The following article serves OOO) BO Oe 
Richmond—120,000 kw; in 1935.,. 


285,000 kw 


Long Beach No. 3—now 200,000) 
kw; ultimately 800,000 kw 


State Line—350,000 kw;! ultimately 1,000,000 to 1,500,000 kw 
Essex—330,000 kw! to 450,000 kw 


1. Including units under construction. 
VOLTAGES 


A wide range of voltages for generation and trans- 
mission is represented in this group of stations, the 
particular values in each case being associated with 
the special functions of the individual plant. 


Hudson Avenue—27.6-kv bus and feeders 


Richmond—13.8-kv for feeders, frequency converter; 66-kv to: 


transmit bulk power 


Long Beach No. 3—16.5-kv paralleled on 220-kv bus, 66-kv sub-- 
stations 


State Line—22-kv, 33-kv, 66-kv, and 132-kv feeders 


Essex—24-kv bus and feeders 


FUNCTION 


These 5 stations represent the principal types of 
switching functions in most common use today on 
large systems. Each design, of course, has the 
fundamental problem of generator control, and in 
addition the various duties are as follows: 


Hudson Avenue—system supply, frequency conversion, and inter- 
connections 


Richmond—feeders for system and railway supply, system ties, and! 
interconnections with other systems 


Long Beach—system supply and interconnections 
State Line—wholesale supply and interconnection center 


Essex—feeder supply to system substations aid system ties 


BUSSES 
Many varieties of bus schemes are represented: 


the vertical isolated phase, the star design, a double 
bus sectionalized with reactors, the ‘“H”’ connection, 
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2 duplicate rings, and the latest design, which pre- 
sents a simple single bus with a single circuit breaker 
for each individual feeder. 

Both indoor and outdoor busses are represented. 
In the former class 2 use air insulation, while 1 uses 
herkolite or micarta insulation on copper tubing. 
One outdoor installation uses rigid hollow copper 
conductors with solid insulation of micarta tubes in 
oil filled pipes or enclosures, and the other outdoor 
construction is at 220 kv, air insulated. Some of 
the designers indicate their approval of eliminating 
air as insulation for the busses yet find that other 
insulating materials present many problems. Fur- 
thermore, while some adopt oil as a bus insulating 
medium all are desirous of keeping to a minimum 
the amount of oil which might be released and ignited 
in case of a fault. It is in the estimation of the rela- 
tive advantages and disdavantages of the various 
bus constructions that the widest divergence of 
opinion is expressed by the authors. 


PROTECTION AND SERVICE RECORD 


All designs have the generator or unit step-up 
transformer neutral grounded, several of them using 
a reactor in the ground lead. The later plants have 
made full use of isolated metal housings, thus 
securing predetermined paths for the fault current 


Switching at 
State Line Station 


A station having several unique features, 
including an outdoor oil-filled metal-clad 
22-kv switchgear for main generator bus 
is referred to in this paper. The station 
forms an important link in a large and 
intricate transmission and distribution sys- 
tem. This paper is part of a symposium 
on electric power switching at modern 
large steam-electric generating plants. 


By 
T. C. WHITE 


MEMBER A.I.E.E. 


Chicago Dist. Elec. 
Generating Corp. 


’ O.. OF the more recent steam- 
electric power stations, involving some of the latest 
developments, is located about 14 miles from the 
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and definite applications for the bus fault relaying. 
Practically all generators and autotransformers are 
relayed differentially as a unit. 

Various relaying systems are used in the protection 
of the bus sections, synchronizing bus, feeders, etc., 
depending upon the type of bus scheme being used 
and the feeder service. 

In spite of the differences in age and type of station 
design all plants have an excellent record for con- 
tinuity of service and an exemplary standard of 
safety for the operating personnel. The authors’ 
frank discussions of improvements required by some 
of the early apparatus and related developments in 
switching station design should be extremely helpful 
to engineers engaged in this field. 


TRENDS 


Higher voltages for bussing at the generating 
stations, and even for generators, are becoming more 
evident as is indicated by these plants. 

There is a marked tendency toward the greater use 
of metal housings for circuit breakers and busses with 
ground fault protection, and an increasing interest in 
factory built complete units. 

All the writers look forward to greater simplicity in 
switching layouts, improvement in design details, and 
perhaps a further approach to the unit principle. 


business center of Chicago. It was built on ‘“‘made’”’ 
land on the shore of Lake Michigan, on the Indiana 
side of the Illinois-Indiana state line, hence its name, 
State Line station. It is the purpose of this paper to 
point out, following a brief picture of the station and 
its relation to the system, some of the problems and 
experiences peculiar to the electrical installation, 
particularly the switchgear. 

The outstanding experiences at State Line with 
switching equipment have been incident to the use of 
a duplicate ring bus and outdoor oil-filled metal-clad 
switching equipment, using conventional oil circuit 
breakers. The duplicate ring bus has demonstrated 
its suitability for large generating units in giving an 
economical design, combined with great flexibility 
for handling unusual loading conditions. The per- 
formance of the metal-clad switching equipment 
has fully justified the expectation of its proponents 
in regard to safety and reliability and places it 
beyond the experimental stage. The next step, it is 
believed, should be the refinement of details and 
standardization of component parts. 


PLANT AND SYSTEM 


The State Line station is owned and operated by 
the Chicago District Electric Generating Corporation 
(formerly the State Line Generating Company), 
Full text of a paper recommended for publication by the A.I.E.E. committee on 
power generation, and scheduled for discussion at the A.I.E.E. winter conven- 
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Fig. 1. Diagram of Chicago metropolitan district 


which was organized to supply electrical energy on a 
wholesale basis to the public utilities operating in 
what is known as the Chicago metropolitan district.¥? 
This district may be considered roughly as the north- 
eastern part of the State of Illinois and the north- 
western part of the State of Indiana, an area of 
several thousand square miles, shown geographically 
in Fig. 1. The station serves not only as a generating 
plant for its customer companies, but also forms an 
important interconnection center for the district. 
The main interconnections of the system are shown 
in Fig. 2. 

The station‘ at present has a generating capacity 
of 200,000-kw in a single 3-element unit, with a 
150,000-kw unit under construction, and an installed 
feeder capacity of 520,000 kva. The system of 
which it forms a part has had a total peak load of 
approximately 1,250,000 kw, about 60 per cent of 
which was sold to large users, such as railways and 
industries. The system has at present an active 
generating capacity of approximately 1,700,000 kw, 
and has an interconnection with a group of proper- 
ties to the east which has an additional capacity of 
approximately 2,500,000 kw. ‘The station as origi- 
nally planned was to have had an ultimate capacity 
of 1,000,000 kw in 5 units, but present indications are 
that the ultimate capacity will be about 1,500,000 kw. 

The plant serves the system at present primarily 
as a modified base load station, normally carrying for 
15 hours a day approximately full load, less a 10 per 
cent reserve, but varying its output over a range of 
about 8 per cent for regulation of the connecting tie 
line between the properties of the Chicago metro- 
politan district and the properties to the east. 
During the remaining 9 hours of the day, when the 
system has a light load, the plant output is varied 
over a wide range with the system load. The eastern 
properties regulate frequency and the companies in 
the Chicago metropolitan district regulate the flow of 
energy over the interconnection. 

The station also performs an important secondary 
function made necessary by its position in the trans- 
mission network. It serves as an energy inter- 
changing point, and incidentally controls as far as 
possible the flow of current into the various parts of 


the system. 
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Fig. 2. Main connections of the Chicago metro- 
politan district’s system 


Two separate systems are used by the Commonwealth Edison 

Company for their main connections, and the supply from 

Powerton is brought into Chicago through 3 separate systems. 

For simplicity, generators and generator busses in the Com- 

monwealth Edison Company and Public Service Company of 
Northern Illinois stations are not shown 


The use of the plant for energy interchange, as well 
as generation, imposes unusual duties on the bus and 
switchgear and intensifies the problems of load 
concentrations and short circuits. It also made 
necessary the development of an extensive relay 
scheme to eliminate undue interruptions to service. 

A concise description of the 22-kv generators and 
metal clad switchgear at State Line station has been 
given in a previous paper.’ The initial main gener- 
ating unit coisistsof 3 60-cycle 22-kv single-winding 
generators on 3 shafts driven by 1 high pressure and 
2 low pressure elements of a triple cross-compound 
unit. The generator driven by the high pressure 
element is of 76,000-kw rating, while those driven 
by the low pressure elements are each 62,000 kw. 
In addition, each low pressure turbine drives a 
4,000-kw 2,300-volt house generator. This unit can 
be operated if desired either with one low pressure 
element only, 2 low pressure elements only, or with 
the high pressure and one low pressure element only, 
thus giving necessary flexibility. 

The voltage used for generation and distribution 
to the 10 main feeder transformer banks and the 2 
station auxiliary transformers is 22 kv. Power is 
provided for station auxiliaries at 2,300 volts, and 
for small loads, at 440 volts. The transmission 
voltages and feeder transformer data are given in 
Table I. All feeder transformers are equipped for 
ratio adjusting and the 100,000-kva bank in addition 
is supplied with phase angle control® for load regula- 
tion. Both voltage and load regulation are ac- 
complished by remote control and under load. 
The transformers connect directly to their lines on 
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& CABLES WILL BE CUT AT THESE POINTS AND CONNECTED TO BOTH 
ENDS OF FUTURE BUS SECTIONS TO BE INCLUDED IN RING 


Fig. 3. Layout of 22-kv bus after units No. 2 and 
No. 3 are installed 


the high voltage side through disconnecting switches, 
no high voltage busses or oil circuit breakers being 
used. 


Table I—Data on Feeders 


= 


20,000-kva capacity each at 33 kv! 

60,000-kva capacity each at 66 kv 

60,000-kva capacity at 66 kv? 

Two feeders of 60,000-kva capacity each at 132 kv 

One feeder of 100,000-kva capacity at 66 kv3 

All transformers are delta connected on the 22-kv side and Y-connected on the 
feeder side 


Three feeders of 
Three feeders of 
One feeder of 


1. Three-phase transformers; all others are banks of 3 single-phase transformers 
2. Nitrogen filled type transformers; all others use conservators 
3. Equipped with a separate phase shifter 


22-Kv Bus SCHEME 


A sectionalized duplicate ring bus scheme was 
adopted as the most desirable for meeting all require- 
ments. Current limiting reactors shunted when 
desirable by remotely controlled oil circuit breakers, 
are inserted in each section between generators, and 
tie switches are provided between sections. In 
Fig. 3 is given an idea of the physical layout of the 
bus system, providing for the 3 generators of unit 
No. 1 and the double windings of units No. 2 and 
No. 3, and shows the method of expanding the bus 
as the station grows. In Fig. 4 is given diagram- 
matically an electrical conception of the ring bus 
showing the arrangement of the 7 generating ele- 
ments comprising the first 3 units. A one line dia- 
gram of the main electrical connections in the first 
section is shown in Fig. 5. 

Feeders to customer companies have been laid out 
in such a way that in the event of the loss of a genera- 
tor or bus, the entire feed to any particular part of 
the system will not be lost, and also, so that feeders 
which normally carry incoming power are connected 
to different sections of the bus. 


CONSTRUCTION AND ARRANGEMENT 
OF OuTDOOR METAL CLAap SwitcH GEAR 


The main 22-kv switchgear, including the busses, 
connections, and breakers, is of a compact, outdoor, 
metal-clad oil-filled type.6 A plan of the present 
switch yard is given in Fig. 6, showing all the equip- 
ment now installed and the locations of equipment to 
be installed when unit No. 2 is placed in service. 
The 3 rows of metal clad gear in the first section each 
consist of 7 bays forming a bus section structure. 


Fig. 4. Electrical 
conception of 22- 
kv bus with Units 
No. 1,No. 2, and 


No. 3 in service 
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The second section area of the yard contains 2 rows » 
of gear, each containing 5 bays. There are also 2 
isolated bays. Each bay accommodates 2 oil circuit 
breakers, 1 connecting to each of the 2 busses, 
“main” and “‘reserve.” 

The buses and switching equipment for 350,000 kw 
of generator capacity and 520,000 kva of feeder 
capacity, with one spare circuit, are accommodated 
in a switch yard of approximately 85,000 sq ft area. 
In this area are all the transformers and reactors 
with their spares, and all necessary track, with 
space reserved for future equipment. 

In Figs. 7 and 8 are shown typical elevations of one 
bay each of the first and second section switchgear. 
A photograph of the first section part of the switch 
yard is reproduced in Fig. 9. 

The oil circuit breakers are of the 3-tank type, 
arranged for disconnection from the bus by lowering. 
The 22-kv connections are made to the metal clad 
bus by means of male and female type contacts with 
spring retained fingers. The control connections 
are made in a similar manner. Current ratings are 
either 2,000 or 3,000 amp, depending upon the 
service. The interrupting capacity is 2,000,000 kva 
for breakers in the first section of the station, and 
2,500,000 kva for those in the second section. These 
were the largest interrupting capacities available at 
the time of manufacture. Breakers in the same 
section are all interchangeable. All control voltages 
are 250 volts direct current supplied from a 760 amp- 
hr storage battery floating on a motor-generator set. 

Potential transformers are open delta connected, 
the 2 transformers being enclosed in a single oil 
filled tank but separated by steel barriers. Fuses 
and current limiting resistors are provided in the 
tanks, and fuses may be removed or replaced while in 
service, without lowering the potential transformers. 

Both the oil circuit breakers and the potential 
transformers are handled by means of motor operated 
elevators which roll on transfer trucks. The ele- 
vators may be run under any structure, and any 
breaker or potential transformer raised into the 
connected position, lowered to the disconnected 
position for protection or repairs, or removed to any 
other location. Hooks are provided in the structure 
whereby a breaker may be left in the disconnected 
position. While in this position, the tanks may be 
lowered on the elevators for internal inspection, and 
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Fig. 5. One-line diagram of main electrical con- 
nections in first section 


practically all maintenance may be done without 
removing the breaker from its bay. Mechanical and 
electrical safety interlocks are provided, which 
prevent the lowering of tanks while the breaker is in 
the connected position, the raising or lowering of a 
breaker into or from the connected position while 
closed, or the closing of a breaker except while in the 
completely connected or disconnected position. 
Automatically operated shutters are provided which 
close off the bushings on the bus when a breaker is 
disconnected, thus providing safety against acci- 
dental contact, and reducing to a minimum the 
entrance of dirt. 

While the second section switchgear is similar in 
fundamental construction to that of the first section, 
it is of later design. Rigid hollow copper conductors 
with solid insulation consisting of micarta tubes are 
used in the later design in place of insulated flexible 
cable,> and occasional micarta spacers are used 
instead of a varnished cambric spiral rope to main- 
tain the bus concentrically within the enclosure. 
Modification of arrangements to facilitate shipment 
resulted in a higher but narrower and shorter struc- 
ture. (Compare Figs. 7 and 8.) 

Metal clad construction at this station is extended 
to the high voltage side of all outgoing feeder equip- 
ment except for the high voltage side of the 2 132-kv 
overhead lines. The transformer high voltage bush- 
ing is enclosed in an oil filled metal box bolted on to 
the transformer, and the outgoing cable enters this 
box through a pothead and connects to the center 
point of a double-throw externally-operated knife 
switch, permitting the cable to be either connected 
to the transformer, completely isolated, or con- 
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Fig. 6. Plan of switch yard for units No. 1 and No. 2 
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A. Bus reacters 

AS. Spare bus reactor 

B. Neutral reactor 

C. 66-kv transformer bank, 60,000 kva 
CS. Spare 66-kv transformer 

D.  66-ky transformer bank, 100,000 kva 
DS. Spare 66-ky transformer 

E. 66-kv phase shifter, 100,000 kva 

F.  33-kv transformer bank 

FS. Spare 33-kv transformer 

G. 132-kv transformer bank 

GS. Spare 1392-kv transformer 

H. Station auxiliary transformer 

K. Unit auxiliary transformer 

KS. Spare unit auxiliary transformer 

L. Generator reactors 

M._ Bus reactors 

LMS. Spare reactor 

P. Temporary isolated switchgear bay 


nected to a test bushing mounted on the box. Ob- 
servation windows and lighting arrangements are 
provided on the later transformers so that the posi- 
tion of the oil imniersed switch blades may be 
observed directly. These switches are not designed 
to be operated with the line under load. 


MAIN GENERATOR NEUTRAL EQUIPMENT 


The neutral switching equipment is also metal clad, 
but of the indoor type, and is similar to the 2,300-volt 
auxiliary power equipment described below, but has a 
petrolatum compound around the bus. The genera- 
tor neutral reactor of 8-ohms 1,588-amp capacity, 
is located outdoors in the switch yard. 


SwiTcH YARD POWER CABLES 


Connections such as those between switch gear and 
transformers, and bus ties between bus sections, are 
made by means of lead covered cables. This, in 
addition to the outgoing feeders, results in a con- 
centration of power cables which introduced prob- 
lems from the standpoint of adequate heat dissipa- 
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tion. In this case, however, it was possible to 
install the cables under the water table. 


RELAY PROTECTION 


The relay protective scheme for the bus has been 
planned to combine a high degree of selectivity 
with completeness, every portion of the bus having 

“automatic protection. In some cases this has 
resulted in an overlapping of protection, but a fault 
anywhere in the bus or its connections will not result 
in the loss of more than one generator or of enough 
feeder capacity to affect any one part of the system 
seriously. 

Protection of the switchgear and bus including its 
reactors and tie cables is by means of a codrdinated 


arrangement of ground fault relays, reactor differ-- 


ential relays, and bus tie cable differential relays, 
selectivity being obtained without time delay. 

Generators of unit No. 1 are protected by means 
of conventional differential relays, opening armature, 
neutral, and field breakers, and shutting down genera- 
tor ventilating fans. Unit No. 2 generator will be 
protected by a modified arrangement due to the use 
of a double winding in the generator and unit aux- 
iliary transformers directly connected to the generator 
leads. 

All transformers are protected by differential 
relays backed up by the line relays. On all circuits, 
except generators, overload relays are used, and on 
transformer banks operated with neutral grounded 
at the station, ground relays are also provided. 
On some circuits directional impedance relays are 
used in order to afford proper selectivity with the 
rest of the system. On the circuits feeding into 
Chicago (a distance of about 2 miles) pilot wire 
relays are used. The lack of switching on the high 
voltage side presents a problem in obtaining com- 
plete transformer protection, as complete clearing of 
the transformers in case of failure depends upon 
relays at the far end of the line, except on lines on 
which pilot wire relays are used. It is felt, however, 
that the cost of oil circuit breakers on the high 
voltage side cannot be justified, and no serious need 
for them has developed at State Line up to the 
present time. 
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SWITCHING CONTROL 


The present switchgear is controlled from a tem- 
porary control room in the first section of the 
building. The control equipment and instruments 
are mounted on steel switchboards. . 

The permanent control center is being constructed 
in the far end of the second section of the building 
adjacent to the switch yard, and it will be extended 
into the third section to take care of the ultimate 
plant. It has 3 main floors, a terminal room floor, 
a main control room, and a balcony. 

The main control room will have a flat top bench- 
board in the center, upon which all of the control 
switches will be mounted. Vertical panels on one 
side of the room will have mounted upon them the 
instruments and gauges for the generators and im- 
portant station equipment. On the other side of 
the room a similar vertical board will be used for 
feeder instruments. Likewise, on the balcony over 
the main control room, vertical panels will contain 
relays and miscellaneous meters for the generators 
and feeders. The boards for the new control center 
will be of ebony asbestos, and will be completely 
wired in the factory. 

A chief operator located at a desk on the balcony 
will be able to supervise all control room activities, 
coordinating these with the boiler room and turbine 
room operations, and the requirements of the inter- 
connected companies. Directly below the main 
control room is located the terminal room where all 
control and instrument wires will pass through 
terminal boards. 

Some of the features being incorporated in the 
permanent control room are: The use of anti- 
vibration floors upon which are mounted the instru- 
ment and control panels, double windows in the 
turbine room wall, artificial ventilating system, and 
indirect lighting. 

The cables used throughout the station for control 
and instrument circuits are all lead and armor 
covered, and are carried in groups through trenches, 
8-in. metal ducts, and on metal shelving. 
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AUXILIARY SWITCHING 


The 2,300-volt auxiliary power switching equip- 
ment is also metal clad, and is compactly arranged in 
switch rooms centrally located. The switches are 
remotely controlled. Bare conductors in air filled 
enclosures are used, without phase isolation, the 
system operating with ungrounded neutral. Break- 
ers are of the vertical lift type. Motors are of the 
line start type, eliminating all starting equipment. 
In the lower part of Fig. 5, the general layout of the 
2,300-volt auxiliary bus is shown. 

Continuity of service is obtained by distributing 
the feeds to essential auxiliaries between the 3 busses, 
supplied from separate sources, and also by employ- 
ing automatic switching of any bus to a standby 
transformer should a bus voltage fail. All of the 
essential auxiliaries consist of 2 or more units, so 
that a shutdown of any one auxiliary motor will not 
necessarily shut down a boiler or generating unit. 
Sections of the bus are located in separate rooms. 
Bus ground detectors are provided but no automatic 
protection is employed for the busses. 


FIRE HAZARDS AND. PROTECTIVE FEATURES 


The concentration of equipment and the large 
amounts of oil present have made the question of 
fire hazard a very important one. Several effective 
precautions have been taken to avoid or minimize the 
effects of fire. The use of instantaneous type relays, 
comparatively high speed switching, and the limita- 
tion of ground fault currents, tend to reduce the 
chance of fire starting. Portable fire extinguishing 
equipment suitable for oil fires, and for use on live 
electrical equipment is provided at convenient loca- 
tions to take care of small fires, and this is supple- 
mented by foam generators and a large and reliable 
water supply system with conveniently located 
hydrants and hose equipment. The entire switch 
yard is covered with approximately 18 in. of coarse 
gravel, which has been proved by extensive tests to be 
effective in rapidly draining away oil and rendering 
it harmless as a fire hazard. 

Ramps and curbs also have been provided for the 
indoor low voltage switch rooms. An organized 
routine has been developed for fighting fires. ‘So far 
there have been no oil or electrical fires at this station. 


Fig. 9. First section part of switch yard 


In the lower left- 
hand corner can be 
seen 1 of the oil 
storage tank cars, 2 
of the movable ele- 
vators supporting 2 
oil circuit breakers, 
and elevator cross- 
over tracks used for 
rolling elevators to 
other structures or on 
to car for moving 
into repair shop 
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OPERATING EXPERIENCE 


The 22-kv switchgear for the first section at State 
Line station was installed in 1928 by a local contrac- 
tor, under the supervision of the operating company’s 
construction department, and placed in service, 
a few bays at a time, between November 1928 and 
April 1929. One-half of the second section switch- 
gear was placed in service in June 1933. Construc- 
tion on the remainder has not yet been completed. 

The electrical installation throughout the station 
is characterized by almost complete metal-clad 
construction, and this is undoubtedly responsible to a 
great extent for the high degree of safety and relia- 
bility with which the station has operated to date. 

In common with most of the later plants, prac- 
tically all of the station auxiliaries are electrically 
driven and controlled, which makes it necessary for 
large numbers of nonelectrical, as well as electrical, 
men to work close to complicated electrical equip- 
ment operating at voltages ordinarily considered 
hazardous. This situation, in addition to the regular 
higher voltage hazards, has made it necessary to give 
safety to personnel considerable thought, and it has 
been possible to operate and maintain the station to 
date without major or minor electrical accidents. 

The reliability of the metal clad bus has been 
exceptionally good; no outages due to insulation 
failure or flashover have occurred. Breaker mecha- 
nisms and control wiring in the switch yard have 
caused some difficulties without, however, resulting 
in interruptions to service. In one case, however, 
a transformer was damaged due to an oil circuit 
breaker failing to open automatically with a short 
circuit on the line. This occurred during the first 
few months of service, and before the breaker 
mechanism remodeling had been completed by the 
manufacturer. The difficulties have been due al- 
most entirely to outdoor exposure, and the problems 
of moisture and atmospheric impurities affecting 
control wiring, terminal blocks, and moving metal 
parts of breaker mechanisms were quite serious in 
the early period of operation, but have been prac- 
tically solved by minor changes in design by the use 
of more suitable materials where necessary and more 
adequate protection of vital equipment from the 
elements. In some cases, where convenient, heaters 


have been installed to guard more completely against 
the effects of moisture condensation. 
Immediately after installation, oil leaks developed 
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in many places due to porous metal castings; these 
were corrected by piening over the metal and sub- 
sequently on later equipment, by the use of a heavy 
oil-resisting varnish on the inside of the castings. 
Other oil leaks developed at the gasketed joints 
from time to time, especially with seasonal changes 
in temperature, causing expansion and contraction 
of the bus structure; such leaks have been effectively 
corrected to date by occasionally tightening up on the 
bolts. Tests are being conducted at the station, to 
determine whether there are more suitable or more 
easily applied materials than cork or vellumoid for 
this purpose. In a few cases it has been necessary 
to replace parts to correct leaks, but in no case has 
there been any serious leaks. 

While no trouble has yet been encountered with 
either oil circuit breaker or potential transformer 
bushing flashovers in service, static discharges have 
been noted on bushings during periods of heavy fog 
when the bushings were not absolutely clean. 
Therefore, a program of thorough periodic cleaning 
and inspection of both male and female bushings 
during the late fall and early spring has been followed. 
During the summer overhauling of the breakers, 
bushings are again cleaned and also tested. These 
inspections have uncovered a few cases of small 
cracks and compound leaks. 

Recently the use of the power-factor method of 
testing the male bushings and other breaker insula- 
tion to detect hidden weaknesses has been used with 
encouraging results, and it is thought that by com- 
bining this method with other means, it may be 
possible to eliminate completely all bushings having 
slight defects before trouble develops. 

The performance of the oil circuit breakers has 
been very satisfactory, and under no condition has 
any breaker shown signs of distress after opening a 
fault current. 

All breakers, mechanisms, and wiring of the out- 
door gear are thoroughly overhauled once each 
summer and this has been found to be sufficient, 
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except for occasional inspections after breakers have 
opened fault currents, at which time any necessary 
contact work or filtering is done. 

A maintenance program, such as outlined above, 
can be efficiently followed at this station, as it is 
possible to do all necessary outdoor work during 
favorable weather conditions and use the mainte- 
nance men, who normally do switch yard work, on 
indoor work during adverse weather conditions. 
As the station grows, this may be difficult because of 
the increased amount of switch yard work, and it may 
be desirable at some future time partly to enclose, 
with thin removable siding, the sides of the oil 
circuit breaker structure below the deck plate. 
This arrangement might also be desirable in cases. 
where traveling oil switch crews, which cannot be 
employed efficiently during inclement weather on in- 
side work, are used for oil circuit breaker overhauling. 

Other work which must be scheduled for the same 
months devoted to switchgear overhauling includes, 
in addition to the usual testing, filtering, and adjust- 
ment of oil levels in outdoor equipment, the over- 
hauling of transformer tap changer mechanisms and 
contacts. : 

Due to close clearances and relatively small oil 
volumes, with a large number of points where mois- 
ture in the oil may collect, the moisture content of 
the oil has been closely watched on the first section 
equipment. It has been found that what little mois- 
ture has collected at the regular sampling points has. 
been readily removed at the time the sample was. 
taken, but some difficulty has been experienced in 
removing moisture from the long bus enclosures. 
where the bus is supported by spiral varnished- 
cambric rope. This has been overcome in later 
designs by using, for bus supports, discs with slots in 
the periphery to permit free horizontal movement of 
oil and escape of air. 

The method of handling oil may be of interest; 
a central oil storage system with permanent piping 
and pumps is not used, all equipment being portable. 
Three oil tank cars equipped with steam heating 
coils, 2 of which have a single 10,000-gal compart- 
ment and one having 2 5,000-gal compartments, are 
used both as storage tanks for spare oil and as a 
temporary means of handling oil during repairs and 
inspection of equipment. Filter presses and a 
centrifuge equipment with necessary pumps and 
numerous lengths of flexible metal hose equipped 
with fittings and valves are carried in an enclosed car. 

Certain oil levels throughout the switch yard and 
all pressures on cable end bells are closely watched 
and recorded by the operators. The pressures have 
caused some difficulty because of considerable varia- 
tion with load and outdoor temperature changes, 
and an attempt is now being made to reduce neces- 
sary pressure adjustment work by connecting several 
of the pressure reservoirs together into common 
headers. A few leaks which developed in the lead 
sheathing because of lamination of the lead were 
discovered before moisture was able to get into the 
cable by close watching of these pressures. 

The use of 2 ring busses has resulted in sufficient 
flexibility to meet all maintenance requirements, as 
well as every condition of loading imposed on the 
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station, both as a generating and distributing center. 
It was primarily the intention to use normally one bus 
at a time with the other held as a standby, but it has 
been necessary for the past 2 years to use both busses 
or portions of both busses to meet loading conditions. 

A limited control over power distribution to the 
various lines is being accomplished by the use of 2 
busses with proper switching of generators and 
feeders on to the busses with reference to the bus tie 
reactors, and this together with the use of the trans- 
former ratio adjusters has provided control of the 
ampere loading of the different lines where necessary, 
due to maximum capacities being approached. The 
phase angle control provided on the 100,000-kva 
bank has been very effective in load division control. 

In the event that some unusual load distribution 
causes overloading of a section of bus, the use of the 
corresponding section of the reserve bus in parallel 
is resorted to. Bus tie ammeters recently installed, 
assist the operator in analyzing, at a glance, loading 
conditions in the bus. Portable metering equip- 
ment consisting of an ammeter with a split core 
current transformer which may be slipped around 
any bus enclosure is also available if needed for 
detailed loading checks. 

The question of voltage surges in the metal clad 
equipment has been given some study, and surges of 
values up to approximately 4 times the normal crest 
voltage to ground were recorded recently during a 
short test period. No troubles due to surges have 
been encountered. 

Some fairly successful preliminary tests have been 
made to determine the feasibility of detecting, by 
means of a sensitive radio receiving set, discharges 
shielded by metal; should this method be developed 
to a reliable state, it would greatly assist in locating 
and correcting substandard equipment before a 
dangerous condition developed. 

The possibility of trouble from poor contact in the 
disconnecting devices between breakers and structure 
has been watched for, but no serious trouble has so 
far developed at this station. 

It has been pointed out that the use of metal clad 
gear makes for very safe normal operation, but it 
should also be noted that great care is necessary in 
opening up enclosures for inspection or repair, since 
it is impossible to test conductors at the point where 
an enclosing cover is to be removed. Extension 
contacts are provided which fit over the oil circuit 
breaker bushings while in the disconnecting position 
to make connections to the bus or to ground the bus 
if work is to be done. eet te 

Experience and tests point out the desirability of 
certain refinements in switch yards of the type used 
at State Line. The use of gravel covering the 
switch yard under and around the oil filled equip- 
ment as previously explained under ‘Fire Hazards 
increases the difficulty of walking around the yard to 
make inspections or work on the equipment; con- 
crete walks therefore should be provided, taking care 
that all such walks and also manhole covers which 
must be left exposed are given sufficient pitch to 
drain rapidly off into the gravel any burning oil 
which might run ontothem. Plenty of permanently 
installed lighting equipment, as well as facilities for 
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additional temporary lighting, also should be provided. 

Due to the special design of this equipment, it has 
not yet been standardized to the point where it can 
be manufactured on a quantity basis and this means 
that in case of trouble which might possibly wreck 
a portion of the bus structure, considerable time 
would be required for replacement if it were necessary 
to await manufacture of new parts. In order to 
guard against such an interruption, considerable 
investment in spare parts for this gear has been 
necessary. 

Spare transformers are not connected and no 
serious inconvenience has been encouutered so far, 
although 2 transformer failures have occurred since 
the station was put in operation. When interchang- 
ing transformers, however, it is not necessary to 
remove potheads from the cables. 

The use of a triple cross-compound unit, even 
though provision is made to operate the low pressure 
elements on boiler pressure steam by means of 
separate throttle valves and governors, would, 
in the event of a sudden loss of load or shutting down 
of the high pressure element, result in a momentary 
loss of load in the low pressure element generators, 
were it not for an automatic load relay which auto- 
matically admits high pressure steam to the low 
pressure elements, if the electrical output of the 
high pressure element falls below a predetermined 
value. Tests have shown that this device, assisted 
at the beginning by the stored steam, practically 
prevents loss of load in excess of that carried by the 
high pressure element. 

There have been no instability difficulties to date 
between the plant and system. Governor action and 
voltage control have been satisfactory. Tirrill volt- 
age regulators and a self-excitation system are now 
used, but pilot exciters will be used on units No. 2 
and No. 3, and may be added later to unit No. 1. 


TRENDS AND SUGGESTED IMPROVEMENTS 


The popularity of compact outdoor oil-filled metal- 
clad switching equipment has steadily increased in 
the Chicago district, and much experience in the 
design and operation has been obtained. 

The Public Service Company of Northern Illinois’ 
has done considerable pioneering in the use of 
equipment of this type and is now employing it 
outdoors at 33 kv in 6 different locations, and at 
132 kv at the Waukegan station.’ The Northern 
Indiana Public Service Company is using this type of 
switchgear at 33 kv in its Marktown substation, 
and the Superpower Company of Illinois (Powerton 
station) is using it for the station 22-kv generator bus. 

Recent developments of outdoor metal-clad gear 
have tended toward the use of more compact factory 
assembled units which may be shipped completely 
filled with oil. Manufacturers are now also offering 
gear with stationary breakers which use oil immersed 
knife switches or movable connectors for isolation of 
the breaker, instead of providing for isolation by 
vertical movement of the entire breaker. However, 
experience with the movable breaker scheme has 
been satisfactory at State Line and would seem to be 
simpler when disconnection is required only for 
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work on the breaker. If, however, frequent dis- 
connection is necessary to provide an additional 
visual break in a circuit for work beyond the breaker, 
facilities should be provided for doing this without 
the necessity of using a portable elevator. 

It would be desirable in the case of an installation 
such as that at State Line, to provide individual 
motor-operated raising and lowering devices on at 
least the generator circuits, and this will possibly be 
done when the cost of such devices has been reduced 
to the point where they can be economically justified. 
This or some other means would also be desirable in 
the case of the 2,300-volt oil circuit breakers. 

On outdoor switchgear, the deck plates under the 
busses (see Figs. 7 and 8) should be extended the full 
width of the structure, made absolutely water tight, 
and given a definite slope. This will prevent the 
formation of ice on the equipment under the deck 
plates and, in case of fire, drain any oil off into the 
gravel. If this were done and siding applied as pre- 
viously mentioned, certain work which is now nor- 
mally postponed during periods of bad weather, 
could be performed without inconvenience at any time. 

The large number of gasketed joints used in oil- 
filled metal-clad gear and the inconvenience of 
replacement make it very desirable to simplify, as 
far as practical, such joints, and develop a gasket 
material of more lasting qualities and easy applica- 
tion than those available at present. 

The use of silver-to-silver contacts for disconnect- 
ing switches and brazing or welding of all possible 
joints within the gear are desirable developments. 

The use of indoor metal-clad gear, especially at 
voltages around 2,300 volts, is becoming well es- 
tablished, being used exclusively at the State Line, 
Powerton, and Michigan City plants. The Public 
Service Company of Northern Illinois is using con- 
siderable indoor metal-clad equipment, ranging up 
to 18 kv. The apparent trend in the case of indoor 
equipment, up to 15 kv, is to use tape or molded 
insulation with air, instead of oil or compound, 
resulting in simplicity and greater safety from fire. 
It should be noted that on indoor construction 
complete tightness of the enclosures is not usually 
provided, and there is some possibility of the en- 
trance of foreign matter or hot gases and metallic 
vapors from a nearby fault. These are possibilities 
entirely avoided by the complete tightness of the 
oil-filled or compound-filled type of gear. 

The thoughts on switchgear embodied in the fore- 
going, are largely the result of a close association 
with engineers connected with Sargent and Lundy, 
Inc., with the equipment manufacturers’ engineers, 
and with associates in the construction and operating 
departments. The assistance of C. T. Hesselmeyer 
in the preparation of the paper and the helpful sug- 
gestions of other members of the electrical division 
are also acknowledged and greatly appreciated. 
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Switching at 
Richmond Station 


The essential features of the switching 
facilities at 13 kv and 66 kv at the Rich- 
mond generating station of the Philadel- 
phia Electric Company are described in 
this paper. Operating experiences with 
such facilities are outlined and certain 
desirable improvements in future design 
are indicated. This paper is part of a 
symposium on electric power switching 


at modern large steam-electric plants. 
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Ra station of the Philadel- 
phia Electric Company was placed in service in 1925, 
and is located in the city of Philadelphia, Pa. 
Switching at Richmond station is at 13.8 kv and 66 
kv; a switch house structure of the vertical phase 
isolated design is used for 13.8 kv, and an outdoor 
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substation of the flat type with the bus insulators 
supported on steel pedestals is used for 66 kv. 

The operating experiences outlined in this paper 
indicate that, since completion of certain modifica- 
tions to the circuit breakers, the last of which were 
made about 2 years ago, switching facilities at Rich- 
mond Station which are adequate, reliable, easy to 
operate, and safe, have been obtained. The use of the 
straight double bus scheme is believed to contribute 
much to these results. It is questioned, however, 
whether the present type of isolated phase construc- 
tion is the most desirable for 13.8-kv switching. It is 
also suggested that in the future circuit breakers may 
be applied which have lower interrupting ratings 
relative to the circuit breaker duties than generally 
used today. Features to be considered in future oil 
circuit breaker development also are discussed. 


GENERAL 


Richmond station! has sufficient land for con- 
siderable expansion and will very likely develop 
into a station of quite large capacity. Generation 
in the station is at 13.8 kv with transmission at this 
voltage to distribution substations and large indus- 
trial customers, and with transformation to 66 kv 
for transmission of bulk power to other parts of the 
system. 

While Richmond station is not designed primarily 
as a base load plant, the economy of this station is 
such that it is operated at a very high load factor. 
With contemplated increases in the capacity of this 
station, its economy relative to that of other stations 
of the system possibly will be such that it will con- 
tinue to operate as a base load plant for many years. 
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Fig. 1. Map of the system to which the Richmond 
generating station is connected 
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The present capacity of Richmond station is 
120,000 kw in 2 generating units, comprising the 
initial installation; one of these units was placed in 
service in November 1925, and the other in January 
1926. Inadditiontothe2 60,000-kw generators now 
in operation, a 165,000-kw generator is being installed 
which it is expected will be placed in service in 1935. 
The present total generating capacity of the Philadel- 
phia Electric Company’s system is about 900,000 kw. 

Interconnections exist between the system of the 
Philadelphia Electric Company and the systems of 
the Pennsylvania Power & Light Company and 
Public Service Company of New Jersey; these 
interconnections at 220 kv constitute the so-called 
Pennsylvania-New Jersey interconnection. There 
is also an interconnection with the Public Service 
Company at 66 kv between Richmond station and 
Trenton, N.J. A moderate capacity interconnection 
exists with the Atlantic City (N. J.) Electric Com- 
pany through the Deepwater generating station. 
There are also several light capacity interconnections 
with other companies in the surrounding territory. 
The relation of Richmond station to the rest of the 
system is shown by Fig. 1. 


FEATURES OF ELECTRICAL INSTALLATION 


The lines (all underground) in the Richmond 
station include 23 outgoing 6,000-kva 13.8-kv 
lines to distribution substations and substations in 
industrial plants, 2 438,000-kva 13.8-kv lines to the 
adjacent frequency converter substation for the 
supply of single-phase energy for railroad electrifica- 
tion, 3 12,000-kva 13.8-kv tie lines to Delaware 
generating station, and 2 60,000-kva lines to 
13.8/66-kv bus tie transformer banks in the adjacent 
66-kv substation. The 6,000-kva 13.8-kv lines are 
of no greater importance than those supplied from 
various other transmission centers on the system. 

The ultimate capacity in generators, transformer 
banks, lines, etc., is not at all definite, and for this 
reason and the fact that such information is not 
essential in a review such as is given in this paper, 
figures on probable ultimate capacity are not given. 

The 66-kv substation includes, in addition to the 
transformer banks, 4 lines which are part of the 
transmission system used for bulk power. 

In Fig. 2 is given the essential electrical connec- 


Table I—Oil Circuit Breaker Ratings and Duties 
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Calculated 
O.C.B. Maximum  0O.C.B. Maximum 
Rated Load Interrupting Interrupting 
Current Current Capacity Duty 
(Amp) (Amp) (Kva) (Kya) 
13.8-Kv 
Generators 
60000: kwatsn ase ato ere. 3,000... .2,955....1,500,000.... 870,000 
165, 000K wie acon Ate ancients 5,000... .4,630....1,500,000. .. . 1,160,000 
Outgoing lites.) 5h iis. ac tieeio rs to COO Gas ye 2 OSs es C0, 000. Fie eZ SO O00 
Delaware tie JineS. ewe en aneten 1,200.... 526.... 780,000.... 440,000 
Frequency conv. substation lines. .2,000....1,530.... 780,000.... 530,000 
Bis tieitrans spanks weenie ere 3,000....2,510....1,500,000. . . . 1,250,000 
66-Kv 
Transformer banks. <> cw weer 800.... 557....1,500,000.... 800,000 
1B Ti COM eaeicn: oo ue to acre tore 800.... 440....1,500,000.... 800,000 
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tions of the generating station and of the step-up 
substation. It will be noted that the present 2 
generators as well as the generator now being in- 
stalled connect to the double 13.8-kv busses and 
that the 2 bus tie transformer banks provide connec- 
tions between these busses and the double 66-kv 
busses. Some of the future generators will be con- 
nected through individual transformer banks directly 
to the higher voltage busses, depending upon system 
capacity requirements relative to the 13.8-kv dis- 
tribution at Richmond. 

The ratings of the old circuit breakers, both as to 
normal current capacity and interrupting rating in 


breaker duty is very moderate in the majority of 
operations. 

It is expected that circuit breakers installed in 
the future on 13.8-kv outgoing lines, for which the 
calculated interrupting duty is 280,000 kva, will be 
considerably lower in interrupting rating than those 
now in use. 


SwitcH HouSsE STRUCTURE 


The 13.8-kv switch house structure, which is of 
the vertical phase isolated design, is shown in cross 
section in Fig. 3. The first, second, and third floors 
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relation to the actual requirements, are given in 
Table I, the short-circuit duties being upon the 
basis of an assumed ultimate condition. 

It is the practice to provide a liberal amount of 
insulation on all switching facilities, particularly 
the bus and that portion of the connections which 
would not be isolated automatically in the event of 
failure. To this end the equipment in the 13.8-kv 
switch house has a nominal voltage rating of 25 kv. 
In the 66-kv outdoor substation the bus insulators 
and disconnecting switches are rated 110 kv, and the 
oil circuit breakers 73 kv. 

The generator neutrals are grounded through a 
4-ohm resistor so that with ground faults occurring in 
the switch house or on a cable the current is limited 
to a relatively low value. Thus the 13.8-kv circuit 
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are similar, each floor containing the concrete struc- 
tures which house a given phase for No. 1 and No. 2 
busses, with the corresponding phase selector oil 
switches, main oil switches, and line reactors. 

On the ground floor are located the solenoid 
operated mechanisms which operate the oil circuit 
breakers by means of vertical pipes running from 
floor to floor. Hand-operated mechanisms in a 
similar manner control the disconnecting switches on 
the 3 phase-floors. On the ground floor also are line 
disconnecting switches, line current and potential 
transformers, cable potheads, generator ground oil 
switches and cable test busses with connections from 
the test room below. 

A central longitudinal wall divides the switch 
house so that on one side of the 3 phase-floors No. 1 
bus with all of its breakers, disconnecting switches 
and reactors are separated from bus No. 2 on the 
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other side with all of its corresponding equipment. 
A central corridor on each floor, at right angles to 
the above mentioned wall, divides the switch house 
into 2 parts, with approximately equal capacities 
and loads on each. 

The 13.8-kv busses are sectionalized by means of 
reactors and the associated oil circuit breakers trip 
automatically in case of fault on a bus section. The 
13.8-kv lines are arranged in pairs using the “H” 
connection with the main oil circuit breakers on each 
line automatically operated for faults, and with 
the selector breakers also provided with relays for 
tripping in case the main breaker does not function 
properly. 

The electrical connections employed are such as 
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to guard against errors which might result in per- 
sonal injury, interruption to service, or damage 
to equipment. In the switch house, mechanical 
interlocks are provided to insure correct operation 
of disconnecting switches in relation to their associ- 
ated oil circuit breakers. Compartment doors must 
be unlocked with a key released only when the 
proper disconnecting switches are open. Bus section 
grounding switches cannot be closed until a test 
has been made to insure that the bus is deénergized. 

All generator and line sections in the switch house 
are plainly designated on the compartment doors. 
and by suitable targets on exposed equipment 
such as the operating mechanisms of the oil circuit 
breakers and disconnecting switches. 
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Fig. 4. Cross section of Richmond step-up substation 


to give operating simplicity while at the same time 
providing ample flexibility and reliability. The 
simple and symmetrical electrical connections permit 
of a simplified physical arrangement with a 7-ft 
wide section through the switch house for each 
generator, and a 5-ft section for each transformer 
bank, frequency converter feeder, and line pair. 
This scheme of connections also makes possible 
an arrangement of control switches, instruments, 
etc., that is not likely to confuse the operator, a 
factor which is very important. 

Various features have been incorporated in the 
switch house design to minimize the extent of the 
trouble which might result from a fault current. 
Barriers have been installed between floors in the 
vertical copper runs on the various circuits and smoke 
caps have been provided at the tops of the barrier 
bushings. Smoke barrier plates also are provided 
around the operating rods of the breakers and dis- 
connecting switches where they pass through open- 
ings in the floor. In the case of the potential trans- 
formers where taps ‘are involved from 2 phase- 
floors, smoke barriers are applied to the bushings 
where they pass through the compartment side 
walls. Additional features include the fireproofing 
of generator neutral cable in all places where it runs 
exposed through the basement, the installation of 
barriers in the basement ceiling where connections 
are carried through from the test set to the test bus, 
and also barriers in the ceiling of the oil filter room 
in the openings through which the test set leads 
are carried up into the test bus compartments. 

While the principal reliance against errors in 
switching or blocking is placed on the selection 
and training of the operating personnel, rather 
extensive use has been made of interlocking facilities 
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Certain control interlocks are provided to minimize 
the possibility of operating errors. Closing circuits 
of oil circuit breakers on generators and important 
tie lines are interlocked through the synchronizing 
receptacles. Closing circuits of the circuit breakers 
on major apparatus are interlocked through the hand 
reset auxiliary relays associated with the differential 
relays to prevent inadvertently reénergizing faulty 
equipment. 

Testing of the switch house equipment and out- 
going cables is facilitated through the provision 
ot an induction voltage regulator-transformer set 
which will supply up to 30,000 volts. This set 
connects to a tets bus, which in turn can be used to 
energize the various circuits through disconnecting 
switches or in some cases, portable jumpers. 


66-Kv SUBSTATION 


The 66-kv substation is of the flat type with the 
bus insulators supported on steel pedestals as in- 
dicated in Fig. 4. All lines entering or leaving the 
substation are underground. The electrical arrange- 
ment involves duplicate busses with connections to 
each through an oil circuit breaker for all trans- 
formers and lines. The simplicity of the electrical 
connections permits a relatively simple physical 
arrangement. 

The 66-kv busses are widely spaced to prevent 
any possibility of trouble on one affecting the 
other. As indicated by the cross section of the sub- 
station, the individual groups of selector equipment 
connecting to their respective busses are well spaced 
to insure maximum reliability. The conductors of 
each bus are on 8-ft centers, and the conductors of 
the circuits are on 6-ft centers. With the flat type 
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of bus there are no structural parts above the busses, 
and a minimum of conductors crossing the busses on 
the individual circuits thus insuring a maximum de- 
gree of safety against bus short circuits from mechani- 
cal causes. 

To provide for the contingency of a simultaneous 
conductor failure in each of the 2 parallel 66-kv lines 
to a substation, a transfer bus is installed so that one 
of the unfaulted conductors in one line can be con- 
nected in place of the faulted conductor in the 
other line, thus forming a complete circuit for 
emergency operation. The connections between 
the conductors in the lines and the single conductor 
transfer bus can be made by means of temporary 
jumpers when required. 

Provision is made for the installation of bus sec- 
tionalizing reactors and oil circuit breakers should 
these be found desirable at some future date. 

An interlocking arrangement through the use of 
keys is provided to prevent improper disconnecting 
switch operation. This includes the grounding 
switch facilities for the lines and busses, as well as 
the isolating disconnecting switches for the line 
equipment. A further precautionary feature in- 
cludes padlocking the trip levers and mechanism 
housings of the 66-kv breakers. The keys for the 
individual locks are kept in the operating room. 
All of the equipment in the switch yard is clearly 
designated by prominent targets. 

Testing of the 66-kv substation end of the out- 
going cables is provided by means of a 300-kv 
kenetron (2-electrode hot-cathode vacuum tube) 
set which connects to a test bus. The various cir- 
cuits may be connected to the test bus through dis- 
connecting switches. 


EXPERIENCE WITH BREAKER AND OTHER EQUIPMENT 


At the time of installation of the isolated phase 
breakers and disconnecting switches some difficulty 
was experienced in getting proper alignment of parts 
and operation. Operating rods were weak mechani- 
cally, supports for toggles required bracing, balancing 
springs had to be installed to balance the weight of 
the rods, and other modifications were involved. 
However, it is probable that these troubles were 
such as might be expected with equipment located on 
different floors and tied together mechanically. 
The experience indicates that the parts for isolated 
phase equipment should be very carefully designed to 
minimize trouble. 

Shortly after the station was placed in operation 
a fault occurred involving the failure of 4 of the 
individual oil switch phases and a considerable 
amount of other equipment. The trouble was due 
to a short circuit occurring on an outgoing 13.8-kv 
line which the breaker failed to open successfully and 
in the surging which followed another circuit broke 
down on a different phase giving the equivalent of a 
phase-to-phase short-circuit. As a result of this 
trouble, the breakers were modified by the manu- 
facturers; also, some of the features previously 
mentioned in this paper were incorporated in the 
switch house design, particularly to prevent smoke 
from passing between floors. 
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There has been a considerable amount of trouble 
experienced with both the 13.8-kv and 66-kv oil 
circuit breakers during the period from the original 
installation to the present. A summary indicating 
the nature of the difficulties is given in Table II. 


Table II—Classification of Troubles With 13.8-Kv and 66-Kv 
Oil Circuit Breakers 


13.8 Kv 66 Kv 
Electrical Mechanical Electrical Mechanical 


Total ile pares th Sari e Moiese oe ha wet tee LORS ce hes 1 eRe cok Fede 20) eee ie 8 
DOS git itera ors tesa eee de ae ee SAS es Di Re ae NOs a Sae 7 
Construction or defective material.... 2........ SoiBeners eters Lefer 1 
Occurring during clearing of fault..... Sila aviye Gas On rath LSivascetasts 5 


The experience with the 13.8-kv breakers is based 
upon a total of approximately 560 breaker-years of 
service, and that with the 66-kv breakers on 80 
breaker-years of service. In the case of the lower 
voltage breakers, most of the automatic opera- 
tions have involved a relatively light duty due 
to the cable failures being mostly from one conductor 
to ground. 

In the case of the 13.8-kv breakers, in addition 
to the serious trouble previously mentioned, there 
has been a certain amount of unfavorable experience 
while interrupting fault currents, principally exces- 
sive contact burning and carbonization of oil. There 
has also been the usual experience with mechanical 
features requiring readjustment or replacement from 
time to time. 

Serious troubles have also been experienced with 
the breakers in the 66-kv substation. In one case a 
breaker bushing flashover resulted in damage to a 
considerable amount of adjacent equipment and 
interruption to one 66-kv bus. 

In another case, in attempting to clear a line fault, 
a tank was blown off the breaker with a resulting 
oil fire which destroyed considerable equipment. 
This also resulted in a short circuit of one 66-kv 
bus. 

After several cases of contact burning, oil car- 
bonizing, and oil being thrown from the breaker, 
the breakers were rebuilt to improve their interrupt- 
ing characteristics. Shortly after, one of the rebuilt 
breakers failed, resulting in a bushing being cracked, 
contacts pitted, oil carbonized, and general distress 
of the breaker. As a result of this experience, minor 
changes were made to the contact system and no 
difficulties of this nature have developed since. 

In addition to the experience with the oil circuit 
breaker equipment there have been other scattered 
cases of trouble, such as the failure of a reactor in 
the switch house and undesirable expansion of the 
bus bars requiring the installation of expansion 
joints. 

While the design was based upon accepted stand- 
ards at the time of the original installation, evidence 
of high temperatures in the present 60,000-kw 
generator lead runs indicated the desirability of 
providing for movement of the copper to relieve the 
strain on the insulator supports. Leaf copper ex- 
pansion joints suitably spaced with a fixed insulator 
between, together with springs under the bolts of 
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the existing clamps have been installed to permit 
ample movement with temperature variation. 

In connection with the installation of the 165,000- 
kw generator, most of the main bus conductor is 
being changed from a laminated to a copper channel 
construction to provide for the greater current. 
Channel construction also is being used for the 
connection from the new unit to the bus. The 
design includes provision for expansion in the copper 
members resulting from temperature variation both 
in the conductors and in the supporting structure. 
Expansion joints of leaf copper are provided at 
intervals with one fixed support between joints. 
The remaining supports are of the sliding type which 
permits the complete conductor assembly to move 
appreciably in either direction. 

The installation of the large generator will neces- 
sitate modification to the switch house ventilation. 
The switch house is ventilated by a gravity system, 
utilizing for exhaust ducts the unused portion of 
vertical conductor compartments beyond the point 
where the conductor leaves the compartment at each 
isolated phase floor. With the increased generating 
capacity, a mechanical system will be required to 
dissipate the additional heat losses. The new system 
will consist of fans, one each in the up-river and 
down-river sections of each floor. Each blower will 
supply air to a distributing duct from which the 
incoming cold air will exhaust through discharge 
openings located near the floor line in the several 
equipment aisleways. The heated air will pass up 
through vertical compartments and _ dissipate 
through openings in the roof. Small fans will be 
installed, if experience shows them to be necessary, 
to circulate air through the main bus and new genera- 
tor lead enclosures. 


CONCLUSIONS 


The experience with the Richmond switching 
facilities during the past 2 years, with the breakers 
modified to their present arrangement, indicates 
that an adequate and safe installation has been at- 
tained. Operation has been of a nature to give 
continuity of service and there have been no undesir- 
able outages of individual circuits for which the 
switching facilities were responsible. 

Ease of operation has been realized to a most 
satisfying degree, due primarily to the simplified 
arrangements provided for both the 13.8-kv and 
§6-kv layouts. It is believed that the straight 
Jouble bus scheme with selector oil circuit breakers 
inherently gives maximum operating simplicity with 
maximum provision for reliability of service, and 
that the cost involved with such a layout is moderate 
for an important transmission and distribution 
center in a large metropolitan system. 

At the time when Richmond Station was designed, 
*xperience throughout the country indicated that an 
isolated phase switch house would be most suitable 
or the purpose to be accomplished. Widespread 
sxperience obtained since the construction of Rich- 
nond station with switching facilities of various 
pes is such, in the opinion of the authors, that 
here is some question as to whether the present type 
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of isolated phase construction would be used in 
providing 13.8-kv switching facilities in excess of 
that which can be accommodated in the present 
switch house. It is rather difficult, and perhaps of 
little purpose, to predict what type of switching 
facilities will be provided in the future for Richmond 
or a similar installation. It is possible, however, 
that such facilities would be of the outdoor type. 
Of the various disadvantages of outdoor switching 
equipment, it is believed that the most serious 
is the possible damage from flying material in the 
event of failure of some piece of equipment. It 
seems that in many cases when equipment fails 
pieces of porcelain, oil, etc., may travel considerable 
distance; in fact, one case is known where relatively 
large pieces of porcelain traveled a horizontal dis- 
tance of over 200 ft in an outdoor substation. 

It is important that the development of switching 
facilities be such as to permit such installations 
being made at a lower investment cost than has 
been possible in the past. In the opinion of the 
authors standardization of oil circuit breakers, on 
which considerable work already has been done, 
should do much to accomplish this end. Just 
what other ways will be found to assist in bringing 
about a reduction in cost of oil circuit breakers is 
difficult to suggest. It may be that savings will be 
accomplished in the future in the application of 
circuit breakers by selecting breakers that will 
have an interrupting rating much lower compared 
to the calculated fauit current than would be used 
according to the general practice today. To take 
full advantage of this suggestion apparently would 
require a complete knowledge of the magnitude of 
actual fault currents compared to the calculated 
values generally used for selecting oil circuit breakers. 
It would also be desirable to design the switchgear 
so that in the event of its failure to interrupt fault 
current, possibilities of serious damage would be 
eliminated. This apparently requires the use of 
circuit breakers that do not contain an inflam- 
mable fluid. 

Considerable improvement has been made in the 
last few years in the technique relating to interrup- 
tion of fault current, which has been largely re- 
sponsible for the decreased time required to interrupt 
fault currents. 

It is believed that the following features would 
be desirable to be kept in mind as further improve- 
ments in oil circuit breaker development: 


1. Breakers should be capable of interrupting fault currents of any 
magnitude within their rating a number of times without requiring 
inspection or maintenance. 


2. As mentioned above, it is highly desirable that the hazard from 
the use of inflammable fluid be eliminated. 


3. It is believed that the bushings of oil circuit breakers should be 
improved in design and construction so as to better the performance 
of the oil circuit breaker as an interrupting device, and also to mini- 
mize the hazard due to flying pieces of porceiain in the event the 
bushing is disrupted at time of failure. 


4. It should be possible to improve the oil circuit breaker as a 
mechanical device, so that there wil be fewer adjustments and re- 
placements required to keep it in satisfactory operating condition. 


5. It would also be helpful if circuit breakers could be arranged so 
that the contact parts could be inspected and replaced with greater 
facility than is possible with the larger equipment at the present time. 
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Switching at the 
Connors Creek Plant 


A description of the switching facilities at 
Essex station, adjacent to the Connors Creek 
generating plant of The Detroit (Mich.) 
Edison Company, is given this paper, which 
is part of a symposium on electric power 
switching at modern large steam-electric 
generating plants. Essex station, which has 
been in operation less than 2 years, has had 
an unusually good service record. 


By 
A. P. FUGILL The Detroit Edison 
MEMBER A.1.E.E. Co., Detroit, Mich. 


Essex the switching station for the 
Connors Creek generating plant, is The Detroit 
Edison Company’s most modern station. It was 
constructed in anticipation of the rehabilitation of 
the generating plant because the old switching 
station was inadequate for the increased generating 
capacity contemplated. The general system dia- 
gram of Fig. 1 shows the relation of Connors Creek to 
the rest of the system serving Detroit and vicinity, 
the installed generating capacity at each of the 4 
steam generating plants, and the interconnections 
between them. By the fall of 1934, the Connors 
Creek plant will consist of 2 modern 30,000-kw 
turbine-generators, 2 45,000-kw units and 1 20,- 
000-kw unit. The latter 3 are part of the original 
installation and will be replaced eventually by new 
machines. The expected future plant will consist of 
2 30,000-kw and 3 90,000-kw units, although a 
total of 5 of the larger machines could be installed if 
conditions warrant. 

When the design of Essex station was first con- 
sidered, certain fundamental features were recognized 
as being highly desirable. These features may be 
outlined as follows: 


1. The interrupting duty on the circuit breakers, with the ultimate 
generating capacity, should be kept within the rating of present- 
day circuit breakers by some scheme which would not interfere 
with the effective interchange of power between this station and the 
system. 


2. All equipment in the station, particularly the circuit breakers, 


should contain a minimum of oil or compound. Experience had in- 
dicated that much of the serious damage in indoor switch houses was 


Full text of a paper recommended for publication by the A.I.E.E: committee on 
power generation, and scheduled for discussion at the A.I.E.E. winter conven- 
tion, New York, N. Y., Jan. 23-26, 1934. Manuscript submitted Oct. 23, 1933: 
released for publication Noy. 23, 1933. Not published in pamphlet form. 
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due to oil fires, and that oil circuit breakers were the most likely 
offenders. 


3. All faults, including those directly on the bus, should be cleared 
rapidly and positively. Instantaneous relaying for feeder faults had 
been in use for many years but, until recently, no simple yet positive 
method was available for clearing bus faults promptly. 


Bus fault currents should be kept to a predetermined, adequate 
path and not allowed to roam at will throughout the building. Two 
or 8 previous disagreeable experiences had shown that fault currents 
in the reinforcing rods could do considerable damage to the concrete 
at the most unexpected places. 


5. The building construction should be entirely divorced from the 
electrical installation. Since 2 classes of workmen were required for 
these functions, it was felt that time and money could be saved if 
each class could complete its work without interference from the 
other group. 


The detailed description of the Essex station 
given in this paper indicates that the fundamental 
design features mentioned above as being desirable 
have all been incorporated in the station as designed 
and built. The important features may be sum- 
marized as follows: 


1. The connection diagram chosen provides fault current limitation 
without handicapping power interchange between the station and the 
system. 


2. Possible damage from oil fires is reduced to a minimum by the 
use of H-breakers or deion breakers, air cooled reactors, and air in- 
sulated busses, and by the sectionalization of breakers in small 
rooms. 


3. Rapid, positive clearing of bus faults is secured by enclosing all 
electrical equipment in isolated metal housings and by the associated — 
bus fault relaying. 


4. The bus fault current is kept to a predetermined path by the ~ 
use of isolated metal housings and a low impedance ground network 
of copper and building steel. 
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5. Metal housings and armored control cable permit the building 
construction and electrical installation to be distinct and separate 
operations. 


CONNECTION DIAGRAM 


The connection diagram for this station was 
chosen to codrdinate with the type of distribution 
substation it was to serve. As indicated by Fig. 2, 
the typical substation is radially supplied, but the 
load busses are interconnected through reactors se 
that one supply feeder or more can be lost without 
any interruption to service. Inasmuch as only 
one feeder to the substation is supplied from each 
bus section at the switching station, the loss of a 
section of bus at Essex is of no more importance to 
the distribution substation than a transformer failure 
or a cable breakdown. Since, then, there is no 
necessity for double bus or double breaker, the con- 
nection diagram for the switching station combines 
the star-connected reactor or synchronizing bus 
scheme of fault current limitation with a simple, 
single bus and single breaker arrangement for in- 
dividual feeders, but provides section breakers to 
obtain flexibility in the grouping of bus sections. 
Normally, bus sections are so combined that each 
generator supplies the load directly with as little 
interchange over the synchronizing or equalizer bus 
as is feasible. 

This connection for reactors was preferred to a 
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station and, conversely, all 
generators are equally avail- 
able to the system and to 
each other. Furthermore, 
the outage of a feeder bus 
does not cause the loss of 
any system ties. 

Feeder reactors were discarded for the present 
because it was more economical to use a breaker of 
sufficient interrupting capacity than a smaller 
breaker and reactor. Furthermore, they are not 
necessary from the standpoint of reducing voltage 
disturbance on the bus because the fault is cleared 
so quickly. The design is such, however, that all 
feeders can be equipped with reactors if it should 
be necessary in the future 

The connection diagram of Fig. 2 shows that 
each generator, its autotransformer, and its 24-kv 
underground cables are considered as a unit and 
switched only at the switching station. Since 
multiple single-conductor cables are used, it is 
desirable to insure the proper division of current 
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External view of Essex station 
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Fig. 4. Composite cross section drawing of Essex station 


among the cables of each phase. To accomplish 
this, the special, equilateral-triangle configuration 
of cables shown by the duct cross section on Fig. 2 
was adopted. In addition, the neutral of the genera- 
tor was grounded at the switch house through the 
neutral cable in the center of the triangle. This 
connection forces the fault current supplied over the 
phase cables by each generator to return by approxi- 
mately the same path so as to reduce the voltage 
induced by these currents in the control cables and 
their sheaths. The control cables for each generator 
are carried in ducts directly above the main cable 


ducts but at no point are they exposed to the main 
cables. 


PHYSICAL ARRANGEMENT 


An outside view of the Essex switching station is 
shown in Fig. 3. The present building with its 68 
feeder positions is adequate for a generating plant 
of 330,000 kw, but an extension to the right end 
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will be required if 5 90,000-kw units are ever in- 
stalled. The small building in the foreground is 
the control house which contains the switchboard 
for control and relay equipment, the control battery, 
and the kenotron cable testing equipment. En- 
closed passageways provide convenient connections 
between the 2 buildings. ¥< 
The physical arrangement of the equipment inside 
the building is best shown in Fig. 4, which is a com- 
posite cross section of the station, showing a typical 
generator position, equalizer breaker position, section 
breaker position and second-floor line position. The 
fourth-floor line position is not essentially different 
from that shown. The feeder busses, auxiliary stub 
busses, and interconnection busses are on the third 
floor while the second and fourth floors are devoted 
to circuit breakers. This double breaker-floor ar- 


Fig. 5. Typical circuit breaker room on the outside 
building wall 


rangement permits direct connections between break- 
ers and busses and reduces the length of bus per 
breaker position. The symmetrical arrangement of 
equipment in horizontal cross section permits the 
location of breakers on outside walls of the building 
where large windows provide ample relief in case of 
serious explosion. The location of the equalizer 
bus and reactors on the fifth floor follows naturally 
from the breaker and bus arrangement. The fifth- 
floor equipment shown in the cross section drawing 
is not installed at present but will be as soon as the 
first 90,000-kw generator goes into. service at the 
power house. The first floor is used, at present, only 
for the generator instrument transformers, feeder 
cable potheads, and the control cable runway. 
There is space, however, for the future installation 
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of feeder reactors on the first and third floors, 
should they ever be required. 

Two photographs of equipment housings are 
included to show the construction and method of 
insulating them from the building. A view of a 
typical breaker room on the outside wall of the 
building, Fig. 5, shows the breaker cells with the 
subcell disconnecting switch compartments under- 
neath. The housings are mounted on porcelain 
insulators, the black insulating material shown 
being used to prevent smoke or gas from the breaker 
room traveling to other parts of the station and not 
for mechanical support. A view of the bus floor in 
one of the outer aisles, Fig. 6, shows the housings for 
feeder busses at the floor elevation and the housings 
for. stub busses and aisle crossovers above them. The 
pothead housings for the feeder cables from the 
fourth-floor breakers are shown along the wall. 


Fig. 6. Bus floor in the aisle on the outside building 
wall 


CIRCUIT BREAKER EQUIPMENT 


Pursuant to the policy of using equipment with a 
minimum of oil in the station, the design was laid 
out for the General Electric type PH-209-C circuit 
breaker which has only a small amount of oil in the 
pots. Before the station had been completed, 
however, the Westinghouse deion breaker with no 
oil entered the field, so a few of these breakers were 
purchased for a trial installation. In Fig. 7 is 
shown one of these deion breakers and the sub-cell 
disconnecting switches installed in the metal cell. 

All breakers have an interrupting capacity of at 
least 40,000 amp, although the station design limits 
the calculated fault current any breaker will be 
required to interrupt to 35,000 amp or less. All 
feeder breakers are rated at 600 amp, and generator, 
equalizer, and section breakers are rated at 3,000 
amp. Although operated on a 24-kv system, all 
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insulation to ground, not only on these breakers but 
on all other electrical equipment in the station 
has a minimum flashover guarantee of 95 kv. 

Since even the H-breaker contains sufficient oil to 
cause considerable smoke in case of an oil fire, the 
breaker floors are divided by fire walls into 7 breaker 
rooms per floor. In case of breaker trouble which 
fills a room with smoke so that the operator cannot 
make the inspection necessary before putting equip- 
ment back into service, only 9 breakers or less are 
involved. Furthermore, these breaker rooms are 
closed off from the center aisle where the disconnect- 
ing switches between the breaker and the bus are 
located, so that the operator could always pull 
these disconnecting switches even if he cannot get 
into the breaker room which is in trouble. 


Meta. Housincs 


One of the major features of this station is the use 
of metal housings for all electrical equipment. 
Each phase of the equipment is entirely metal en- 
closed by substituting metal for the conventional 
masonry construction in cells and bus walls. The 
complete housings rest on porcelain insulators 
to provide positive insulation from the building. 
In addition, they are grouped in units, each unit 
being definitely insulated from the others. Each 
bus section and its breakers form one unit, each 
auxiliary stub bus and generator breaker form an- 
other, the equalizer bus and reactors, a third, and 
each section breaker and equalizer breaker form a 
unit by itself. Thus, a fault in the station up to and 
including the feeder breakers must be a line-to- 


Fig. 7. Deion circuit breaker and sub-cell dis- 
connecting switches in a metal housing 


ground fault and the fault current can flow only to 
the isolated housing of the faulted equipment. It is 
a simple matter, then, to ground each unit of housing 
through a current transformer and provide relays to 
trip the proper breakers whenever current flows 
through this transformer. 
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Fig. 8. Schematic diagram of protective relaying 
for typical bus sections 


In this station, both steel and aluminum are used, 
depending upon the current capacity of the enclosed 
equipment. All 600-amp equipment uses steel en- 
tirely and, in general, 3,000-amp equipment uses 
aluminum. There is considerable steel, however, 
in the 3,000-amp breaker cells, and some steel bracing 
in the bus enclosures. Although the equalizer bus is 
designed for the same current as the other busses, its 
housing will probably be steel because of the low 
load’ factor. Each equalizer reactor will probably 
be enclosed in an aluminum cylinder with openings 
for self ventilation. 

Several advantages can be claimed for metal 
housings in comparison with the conventional 
masonry type. They are lighter in weight but prob- 
ably would not be as seriously damaged by an 
explosion or oil fire. Since they are built on jigs to 
precise dimensions, the joints are tighter and the 
clearances around doors and removable panels are 
smaller than is usually obtained with masonry con- 
struction, so that there is less chance of conducting 
gas entering the housing from an external source. 
They provide a means of keeping the current for a 
bus fault to a definite path away from the reinforcing 
rods in the concrete. Still more important, they are 
constructed as a unit in the shop so that erection in 
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the station is a comparatively simple matter and does 
not interfere with the purely building operations. 
And, most important of all, they permit the fast, 
positive clearing of a bus fault by the use of simple 
overcurrent relays. Despite these advantages, the 
cost is slightly less than the conventional masonry 
type of construction. 


FAULT PROTECTION 


The relay protection for Essex station is outlined 
schematically in Fig. 8, which shows clearly the 
method of bus fault protection used with the isolated 
metal housings. Since each unit of housing is 
grounded at one point only, any fault current flowing 
to ground nust pass through the current transformer 
in the ground connection. As many instantaneous 


Fig. 9. Control cable room located immediately 
under the switchboard 


plunger-type overcurrent relays as there are breakers 
to be tripped to clear a fault are connected in series 
to the secondary of this transformer. By using a 
separate relay for each breaker instead of a multi- 
contact relay, accidental closing of the contacts 
of one relay will trip only one breaker. It is felt 
that this scheme of bus fault protection is so simple 
and positive, and the protective relays so rugged, 
that correct operation is practically assured. In 
another station, where this scheme is employed, one 
bus fault has occurred and the bus fault relaying 
performed perfectly. 

In Fig. 8 also is shown differential protection which 
is used on some of the larger machines at other 
stations and which probably will be used on the 
90,000-kw units at this station. The winding on the 
middle leg of the 3-legged current transformer shown 
in the neutral end of the parallel-circuit generator 
winding provides sensitive protection on the genera- 
tor itself. Normally, with equal currents in the 2 
halves of the winding, no flux passes through the 
center leg of the core. If the currents are unbal- 
anced, due to a fault in one half of the winding, 
some flux will pass through the middle leg and cause 
current to flow in the relay connected to the winding 
on that leg. Since the setting on the relay can be set 
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ow without danger of false operation, the protection 
lor generator faults is very sensitive. Inasmuch as 
this scheme offers no protection for faults outside 
the generator, additional overall differential protec- 
tion, including the transformer, underground cables, 
and generator breaker at the switch house, is pro- 
vided by balancing the windings on the outer legs of 
the 3-legged current transformer against a current 
transformer on the generator breaker. Two sets of 
relays are used for this protection, each set tripping 
both the generator breaker and field breaker. Ratio 


differential relays, set as low as the transformer will 
permit, are depended upon for first-line protection 


Fig. 10. One phase of bus with 2 3,000-amp taps 


Partial view of ‘control 
room 


Big. 11; 


but are backed up by the more rugged but less 
sensitive, instantaneous, plunger-type relays which 
are set high to prevent tripping due to slightly 
dissimilar current transformer characteristics. 
Partly as back-up protection for the bus fault 
relaying, but mostly to clear the affected bus from 
the rest of the station in case a feeder breaker fails to 
open but does not cause a line-to-ground fault, the 
equalizer breakers are provided with time-delay over- 
current relay protection. It is possible to get 
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selective action by the proper choice of the current 
setting on the relays, because the current through 
the equalizer breaker on the affected bus is divided 
approximately equally among the other equalizer 
breakers. For a fault on the equalizer bus, all 
equalizer breakers will trip if the bus fault relaying 
fails to operate. 

The radial feeders have combination instan- 
taneous time-delay relays to give instantaneous 
tripping for cable faults and time-delay for faults 
beyond the transformer in the distribution sub- 
station. The parallel circuits, which are mostly the 
system interconnection cables, have current differen- 
tial relays to give instantaneous tripping when 2 
lines are in service and overcurrent relays with 
inverse-time-limit characteristics for protection when 
only one line is in service. 


ARMORED CONTROL CABLE 


Another feature which simplified building con- 
struction considerably was the use of armored cable 
for control wiring instead of the conventional con- 
duit buried in the walls and floors. With buried 
conduit, not only does the installation have to be 
coordinated with the building construction in an 
effort to avoid delays, but frequently, floors, particu- 
larly in the control room, have to be made thicker 
than necessary merely to accommodate the conduit. 
Since it is usually impossible to judge future needs 
accurately, extra conduit is installed just to be sure 
that there will be sufficient for the future. Even so, 
any change in plans causes considerable difficulty 
in revamping or extending the control system. 

The use of armored control cable removes these 
difficulties. As employed at Essex, the method is 


comparatively simple. 
each breaker mechanism, relay transformer, and 
instrument transformer is carried in exposed conduit 
to a connection box on the nearest building column 


The control wiring from 


in the center aisle. By the use of a special con- 
struction at the floor joints, a duct the length of 
the column is provided between the fireproofing and 
the steel. The armored lead-covered control cables 
are carried in the duct from the connection box on 
the upper floor to the control cable runway on the 
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first floor. This runway extends the length of the 
building and is connected to cross runways into the 
control house to provide access to the space under 
the switchboard. The cables are supported by 
clamp hangers in the columns and on racks in the 
horizontal runs. The routing is indicated in the 
cross-section diagram of Fig. 4 but a better con- 
ception of the installation can be obtained from 
Fig. 9, which shows the control cable room under- 
neath the switchboard. 


Type oF Bus 


At the time this station was designed, there was 
considerable published information on the current 
rating of various types of busses in open air but 
little was available as to bus ratings when totally 
enclosed. Hence, tests were made to determine 
the rating of different types of flat-bar or round-tube 
bus when enclosed in a housing like that at Essex. 
It was found that, for the type of bus considered, 
a non-magnetic metal housing reduced the bus rating 
to about 75 per cent of that in open air while a 
magnetic housing reduced it still further to about 65 
per cent. 

On the basis of these tests, the bus of 2 double, 
extra-heavy copper tubes in parallel, used in this 
station, will carry 2,700 amp at 35 deg C rise above 
the ambient of the housing. A third tube can be 


Fig. 12. Schematic floor plan of switchboard show- 
ing location of equipment 
A. Generator controls, iE 


equalizer breaker controls, 
section breaker controls, 


Bus fault relays, gen- 
erator differential relays, 
recording meters 


Interconnection F. Bus fault relays 
breaker controls G. Feeder breaker con- 
C. Indicating meters trols 
D. Bus fault relays H. Bus fault relays 


K. Feeder relays 


added to increase the bus rating to 3,200 amp if it 
becomes necessary. Tubing was used instead of 
flat bar because it could be adapted more readily toa 
bus design which would stand the rather large me- 
chanical stresses occasioned by the heavy fault cur- 
rents at this station. One phase of the bus with 2 
3,000-amp taps is shown in Fig. 10. 

With the equipment housing isolated from the 
building and grounded only through one connection 
to the ground bus, it is essential that this connection 
and the ground bus itself have a low impedance to 
ground or at least to the building steel in order to 
prevent excessive voltage on the housings. Hence, 
the connection from the housing was made as short 
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as possible and a network of copper tubes and bars 
used for the ground bus. In addition, this bus was 
solidly connected to the building steel at frequent 
intervals so that it is impossible for much voltage 
to exist between the building steel and the ground 
bus. This arrangement takes advantage of the 
building steel, which is really a very low impedance 
network to ground, but still does not depend upon it 
entirely. 


STEEL SWITCHBOARDS 


The switchboard, as shown in the partial view of 
the control room in Fig. 11, is made up of cabinet- 
type steel panels, a benchboard for the generator 
controls, and a number of vertical boards for the © 
feeder controls and relay equipment. The boards 
were all built and equipped in the shops of the com- 
pany. They are totally enclosed with a hinged panel 
at the rear to provide access to the wiring and equip- 
ment terminals in a conventional manner. A 
schematic floor plan showing the arrangement of the 
panels and the location of the equipment on them is — 
given in Fig. 12. 


SERVICE RECORD 


It is felt that the design of this station is such that 
any faults which can occur will be promptly and 
positively cleared. It would take a series of simul- 
taneous failures in several pieces of equipment to 
cause loss of service to any important load, and such a 
series of coincidences is not likely to occur. To be sure, 
this particular station has operated less than 2 years 
but to date no trouble has been experienced. Fur- 
thermore, there are 4 other 24-kv switching stations 
on the system, incorporating most of the essential 
features of Essex station, which have been in opera- 
tion for a total of 17 station years. The only case 
of a bus fault which has occurred is that mentioned 
previously and the protective equipment operated 
properly so that no interruption to load resulted. 
All faults on feeders out of these stations also have 
been properly cleared. 


TRENDS IN DESIGN 


Since the design of Essex station was based upon 
experience in the operation of such stations over a 
period of years, the developments in the art of 
switching in this company are incorporated in its 
design and exemplified by the features found in that 
station. To date, its operation and the operation of 
similar stations have not brought to light any situa- 
tions which would cause a major change in design. 
As far as can be ascertained at the moment, if a new 
station, with the same function, were to be erected in 
the near future, it would be a virtual duplicate of this 
one in all its essential aspects. It is merely necessary 
to add, then, that the trend in the design of switching 
stations for modern generating plants as far as The 
Detroit Edison Company is concerned is most 
clearly indicated by referring to the foregoing de- 
scription of Essex station. 
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Impulse Generator 
Circuit Formulas 


With impulse voltage testing of electrical 
equipment becoming more widely used, 
it seems highly desirable to be able to 
calculate the circuit constants required to 
produce the desired test waves and to 
calculate the waves that any given circuit 
constants will give. In this paper the 
solution of the more commonly used im- 
pulse generator circuits is developed and 
summarized. Waves calculated by these 
formulas check closely the waves actually 
recorded by the cathode ray oscillograph. 


By 
J. L. THOMASON 


ASSOCIATE A.1.E.E. 


General Elec. Co., 
Pittsfield, Mass. 


Fare TESTING now has ex- 
panded from an experimental into a commercial field, 
and it is desirable that there be available a reliable 
and ready means of calculating the discharge or test 
waves of impulse generators to facilitate testing in 
this broadening field. Insulator time-lag character- 
istics usually are obtained for 0.5x5- and 1.5x40- 
usec (defined later) waves, whereas to develop fully 
the internal oscillations in transformers loig waves 
with steep fronts may be necessary; or to study 
the possibility of cumulative oscillations, the applied 
voltage should be oscillatory and of the same fre- 
quency as that of the apparatus tested. It is thus 
evident that to produce these specific waves and to 
make sure they are recorded on cathode ray oscillo- 
grams, it is necessary, if cut and try methods are to 
be avoided, to be able to calculate the circuit con- 
stants required to produce these waves and to 
calculate the test waves that these circuit constants 
give. In several articles'”** written at various 
times, the solutions for particular problems or 
particular circuits of the impulse generator have 
been shown. However, the rigorous solutions of 
many useful circuits probably never have been 
developed; hence in this paper the solutions of the 
more commonly used impulse generator circuits are 
developed and summarized. 


Full text of a paper recommended for publication by the A.LE.E. committee a 
instruments and measurements, and scheduled for discussion at the A.LE. : 
winter convention, New York, N. Y., Jan. 23-26, 1934, Manuscript submitte 

Sept. 28, 1933; released for publication Dec. 4, 1933. Not published in pam- 


phlet form. 
1. See bibliography at end of paper for numbered references. 
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IMPULSE GENERATOR CIRCUIT 


The complete discharge circuit of the impulse 
generator, less charging equipment, is shown in 
Fig. 1, where, for convenience in analysis, it has 
been segregated into 4 distinct parts. 

Part I represents the equivalent discharge circuit 
of the impulse generator proper. The capacitor 
units of the impulse generator (C) are usually of the 
oil filled type commonly used for power factor 
correction. They are compact, reliable, and readily 
procurable at reasonable cost. The discharge ca- 
pacitance of the generator is that resulting from 
all the capacitors that discharge in series. The 
value of conductance G will depend primarily upon 
the values of the charging resistors in the circuit, 
but there may be also a small amount of leakage 
over the supporting frames to ground. The inherent 
resistance 7 of the impulse generator circuit, due to 
the resistance of the capacitors (0.01 to 1.00 ohm 
each), leads, and gaps, is ordinarily small, probably 
being less than 100 ohms even under transient skin 
effect conditions. The inherent series inductance 
L is due to the inductance in the capacitors (0.01 to 
3.00 wh each) and to the inductive loops in the 
discharge circuit, this latter inductance being pri- 
marily a function of the length and configuration of 
the discharge circuit. A method of calculating it is 
shown in Appendix I. The terminal capacitance K 
includes the distributed capacitance of leads, ca- 
pacitors, ete.,to ground. Ordinarily it is too small to 
exert an appreciable influence on the wave applied 
to the test piece. 

Part II of Fig. 1 shows the circuit for controlling 
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Equivalent circuit of impulse testing equip- 
ment 


= generator capacitor units, arranged to be charged in 
parallel and discharged in series 

= leakage conductance of charging resistors and over 
generator frame (permits leakage of charge) 


Xa 


_ = inherent inductance in generator circuit (retards wave 
front and causes oscillations) 

r = inherent resistance in generator circuit (retards wave 
front, but not appreciably) 

K = terminal capacitance due to gaps, leads, etc. 

lL: = inductance to retard wave front or to introduce oscil- 
lations 

Ri = resistance to control front of wave \ depending also 

Re = resistance to control duration of wave f{ on | an 

C’ = effective capacitance of test piece (affects voltage 
crest appreciably, depending on | and |!) 

L’ = effective inductance of test piece (affects wave dure- 
tion appreciably and introduces oscillations) 

S = sphere gap (measures voltage crests, except for ex- 
tremely short waves) 

Ryo = resistance of divider | determine voltage 

Z = surge impedance of divider f{ reduction 

R = Z = cable grounding resistor (potentiometer for 
CRO. R = Z prevents reflections) 

CRO = cathode ray oscillograph 
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the shape of the wave applied to the test piece. 
Were it not for this circuit, the wave shape would 
be determined by the constants of the impulse 
generator and the test piece, and a desired wave 
shape (such as a 1.5 x 40-ysec wave) might not be 
obtained. Both the series inductance ZL; and the 
series resistance R, tend, in general, to retard the 
length of the wave front. The inductance also will 
introduce oscillations in the wave and for this 
reason is usually made as small as possible. The 
shunt resistance R, controls to some extent the dura- 
tion of the wave; in general for small loads, the 
duration varies directly with the shunt resistance. 
Part III represents the test piece or load. Where 
the load is a bushing, an insulator string, or a gap, 
it may be represented by a capacitance. Ordinarily, 
the test piece capacitance will be between 50 and 
400 puf; to this must be added the stray capacitance 
of the leads which, depending upon the shape of 
the test circuit, may vary between 50 and 400 wyf. 
An ungrounded transformer also can be represented 
by a capacitance, and a single-winding transformer 
with one end grounded can be represented by a 
capacitance in parallel with an inductance and a 
resistance in series. From the kilovolt (kv) and 
kilovoltampere (kva) ratings of the transformer 2 of 
these constants can be approximated by simple 


relations. The inductance relation 
Pe10GG TX) (kv)?, 
L => ~~ Onf (kva) henries 


gives the equivalent inductance for the normal 
leakage reactance between 2 windings of a trans- 
former. This inductance will have to be modified 
to suit the test arrangements, such as when the 
low voltage side of the transformer is connected to 
other apparatus for excitation. The resistance 


_ 10 (% IR) (kv)? 


(ies) ohms 


R 
is usually of negligible magnitude even when multi- 
plied by some factor as large as 10 to compensate 
for skin effect. The capacitance may be con- 
sidered in 2 parts: that of the bushing, which varies 
between 100 and 350 uwuf; and that of the trans- 
former winding, which varies between 200 and 1,000 
wut for ordinary transformers and is probably 10 
times higher for shielded transformers.° The other 
capacitances to ground must be added, of course, 
to obtain the total load capacitance. 

Part IV represents the recording and measuring 
devices. Both the sphere or other type of gap used 
to measure the test voltage and the divider resist- 
ance will have some capacitance to ground, which 
will add to the total load on the generator. The 
divider resistance also will offer another shunt resist- 
ance path to ground. The accuracy with which the 
test wave is recorded by the cathode ray oscillograph 
will depend to some extent upon how well the divider 
lead-in constants are balanced.® The cable ground- 
ing resistance R should be equal to the surge imped- 
ance Z of the lead-in cable to prevent reflections 
between the 2 when the divider resistance R, is 
large in comparison with Z, which is the usual case.7 
The small capacitance of the divider resistance and 
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also the small capacitance of the cathode ray oscillo- 
graph deflector plates will not have an appreciable 
effect on oscillographs, except for chopped or peaked 
waves.” 8 The cable may damp peaked waves con- 
siderably, the attenuating effect increasing with 
the shortness of the peak and with the length of the 
cable.’ 

It is evident that the complexity of the complete 
circuit of Fig. 1 precludes a rigorous solution thereof, 
but fortunately the circuit may be simplified greatly 
for analysis and without sacrificing necessary ac- 
curacy. The extent to which simplification may 
be carried depends, of course, upon the relative values 
of the circuit constants of a given test arrangement. 
Moreover, the reason for ignoring certain constants 
may depend on test results or engineering judgment 
rather than on calculation. Thus, in its simplest 
form the discharge circuit of an impulse generator 
with a capacitance load can be represented by 5 


capacitance of impulse gener- 
ator 

Li total series inductance 

Ri total series resistance 

Re. shunt resistance 

capacitance of test piece 


Fig. 2. Equivalent circuit of impulse generator 


circuit constants as shown in Fig. 2. The circuit 
constants ZL; and R, include both the added and the 
inherent inductance and resistance while the stray 
capacitance to ground of the connecting leads has 
been considered part of the load capacitance. 


SOLUTION OF CIRCUIT 


The shape of the voltage wave applied to the 
test piece can be obtained by calculating the im- 
pedance drop across the test piece. For illustrative 
purposes the circuit of Fig. 2 can be simplified into 
the circuit for eq 1 in Table I, by considering the 
load capacitance negligible; by Heaviside’s notation 
the voltage drop across the resistance R, of that 
circuit is given by eq 1. This equation can be 
derived readily as follows: 


E = if (se + pli te Ry + Re) 
EAop 1 


pb? + Arp + Ao 


The constant terms are defined in Table I. The solu- 
tion of this equation can be obtained from a table of 
equivalent operators such as Bush’s;* the particular 
form of the solution that will be used will depend 
upon whether the roots of the denominator are real 
or complex. 

As more constants are placed in the impulse 
generator circuit, the solutions will become more 
complex. In the circuit for eq 2 of Table I the series 
inductance has been neglected, but the capacitance 
of the load has been considered and another resist- 
ance included. Ordinarily, most of the resistances 
that are in the series path with the load can be con- 
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sidered equal to zero if desired. As the denominator 
of eq 2 is of the second degree, its solution is similar 
to that of eq 1. The circuit for eq 3 is nearly the 
same circuit as that in Fig. 2, except that resistance 
R; is in series with the load and resistance A, shunts 
the load as would a divider resistance. This resist- 
ance is omitted in the circuit for eq 4; if Rs of that 
circuit be considered equal to zero, there is obtained 
the circuit for Fig. 2 which is probably the most 
condensed circuit describing an impulse generator 
with a capacitance load. The solutions for eq 3 
and 4 are similar and take the forms shown by 
equivalent operators 1 and 3 of Appendix III, the 
form of the solution depending upon whether the 3 
roots obtained by equating the denominator to zero 
are all real or 1 real and 2 complex. The denomina- 
tors of both eqs 3 and 4 are of the third degree. 
As there were no available published equivalent 
operators above the second degree, third-degree 
equivalent operators were developed; these. are 
listed as Nos. 1 to 5 in Appendix III. 

In eq 5 of Table I, only the transient terms of 
the numerator should be used if the voltage drop 
across the generator capacitance be required; but 
if the total voltage on the generator or the total 
current through it be desired, the total numerator 
of the right hand term should be used. The com- 
plete denominator is used, of course, in both cases. 
Equation 6 will give either the voltage drop across 
the series inductance or the current through it, 
according to its arrangement and solution. 

The circuit for eq 7 has an inductive load rather 
than a capacitive load. As the denominator is of 
the third degree, its solution is similar to that of 
eq 4. 

The circuit for eq 8 has an extra shunt capacitance 
to represent the stray capacitance of the generator 
and leads to ground. The denominator of this 
equation is of the fourth degree. As with the 
third-degree equations, there were no available 
published equivalent operators; therefore, fourth- 
degree equivalent operators were developed, these 
being listed as Nos. 6 to 16 in Appendix III. 

The circuit for eq 9 shows an impulse generator 
with a transformer load, where the inductance of 
the transformer is in the discharge circuit to ground. 
In the circuit for eq 10 each part of the circuit 
contains inductance so that its position effect can be 
analyzed. The solutions of both these circuits are 
fourth-degree equivalent operators as shown in 
Appendix III. 

These fourth-degree equivalent operators take 
3 forms depending upon whether the 4 roots obtained 
by equating the denominator to zero are all real, 2 
real and 2 complex, or all complex. The solving of 
these third- and fourth-degree equations to obtain 
the exponents shown in the final solutions in Appen- 
dix III may require appreciable time. However, 
these roots can be determined to as high a degree 
of accuracy as desired by various methods. 

For a third-degree equation, the exact values of 
the 3 roots in terms of the circuit constants can be 
obtained by Cardan’s formula. For equations of 
the third or higher degree and where only 2 roots 
of the equation are complex, Horner’s method of 
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extracting approximated roots is applicable. A 
method that is similar to Horner’s method, but which 
seems to contain less chances for error and which 
seems easier of solution, is shown in Appendix II. 
In higher than third-degree equations which may or 
may not contain more than one pair of complex roots, 
the root-squaring method of Dandelin, Lobachevsky, 
and Graffe® of extracting roots is applicable. 


WAVES RESULTING FROM CIRCUIT CALCULATIONS 


The effect that each circuit constant has on the 
voltage wave applied to test piece can be shown best 
by varying each constant separately. The circuit 
constants of Fig. 2 representing an impulse generator 
with a capacitance load, were given practical values 
and by making a series of calculations their effects 
were shown. For an illustrative set of curves a 
practically smooth 1.5x40-ysec wave was used as the 
reference wave. 

In this paper the first term of the impulse wave 
designation, as the 1.5 term, is the time in micro- 
seconds from zero time to the time of maximum crest; 
and the second term, as the 40 term, is the total 
duration in microseconds of the wave from zero time 
to the time of half crest amplitude on the tail or de- 
creasing part of the wave. This ‘‘2-point’’ method 
of wave designation gives a good general description 
of the wave. The second term is used as the total 
duration of the wave from zero time to the time of 
half crest because it is determined easily when waves 
are calculated, and is easy to read from transcribed 
oscillograms because of the single time scale. When 
calculations are made the voltage equation takes 
the form of eq 3 in Appendix III, for example, 


E = Ale~% — ¢-8 {cos wt + B sin wt} ] 


where A and B are constants. Suppose E, is the 
crest voltage; then, since the oscillatory term 
usually becomes negligible long before the time to 
half crest is reached, the time ¢ or the duration of 
the wave to half crest from zero time is given by 


= = Ae ot 

When the 2 terms of the wave are expressed as deci- 
mals, their exact values can be easily expressed and 
typed; and when the 2 terms are separated by a 
smaller letter ‘“‘x,’’ there is no confusion as to their 
meaning or limit, whereas a dash for separation might 
be taken as a range of values. This method of im- 
pulse wave designation is in accord with recom- 
mendations made by the lightning and insulator 
subcommittee of the A.I.E.E. committee on power 
transmission and distribution in a report presented 
at the 1933 A.I.E.E. winter convention (see ‘‘Recom- 
mendations for Impulse Voltage Testing,’’ ELEcrRI- 
CAL ENGINEERING, v. 52, January 1933, p. 17-22). 


Figure 3 shows several waves containing different. 


values of series resistance. As the series resistance 
is increased the oscillations are damped out and the 
magnitude of the crest is decreased. The front of 
the wave first decreases up to some critical value of 
series resistance, and then increases; but the dura- 
tion of the wave seems to vary nearly directly with 
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Fig. 10. Front, duration, and crest 
magnitude of wave vs. Ci 


magnitude of wave vs. Re 


with the series resistance. This is shown clearly 
in Fig. 4. The crest variation also is shown 1n Fig. 4. 

The series inductance was varied in Fig. 5 and the 
results are shown clearly in Fig. 6. Both the front 
and the duration of the wave have minimum values 


paper (see Table 1). 
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plotted to a smaller scale, showing 


that the wave is a damped oscillation 


Wave shapes calculated by means of formulas given in this 


Circuit connections together with values 


of the circuit constants are indicated on each group of curves. 
A\ll wave dimensions given are in microseconds as explained 


in the text 


1 


for slightly different values of inductance, but the 
crest magnitude does not seem to vary much for the 
chosen variation in inductance. Although the series 
resistance is high, the oscillating effect is seen in Fig. 5. 

What might be termed the load regulation of the 
impulse generator is shown in Fig. 7, where the effects 
of variations in the load are shown. Figure 8 shows 
that both the front and the duration of the wave 
have minimum points at about the same value of 
load capacitance. It is interesting to note that for 
different loads the duration of the waves may be 
the same, but the front increases in general. Thus, 
waves with durations of 41 usec have a 1-ysec front 
for a 60-yuf load and a 2-ysec front for a 350-yyf 
load. Figure 8 shows also that small variations 
in the load do not greatly affect the crest magnitude. 

The damping effect that low shunt resistances have 
on the oscillations is shown in Fig. 9. In Fig. 10 it is 
evident that ordinarily the shunt resistance has 
only a small effect on the front of the wave, but 
that the duration varies almost directly with this 
resistance. Since it was shown in Fig. 4 that the 
duration varies almost directly with the series resist- 
ance, it seems evident that a relation exists between 
the total series and shunt resistance, R, in the circuit 
and the duration of the wave, ¢. For small loads, 
calculated waves and measured oscillograms show that 
the relation is ¢ = 0.7 RC. The constant C repre- 
sents the capacitance of the generator, and if ex- 
pressed in microfarads the time ¢ is expressed in 
microseconds. This same relation exists in the 
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An inductance can be placed in parallel with the 
load capacitance so that a transformer load can be 
simulated. Figure 13 shows that as the load induct- 
ance is decreased the voltage wave applied to the 
load is decreased in crest, front, and duration, and 
that the wave is a damped oscillation. This damped 
oscillation effect is shown clearly in Fig. 14 where the 
100,000-uh wave of Fig. 13 has been drawn to a 
smaller scale. 

Besides showing the effects the circuit constants 
have on the test-piece voltage, other characteristics 
can be learned by calculations about the generator 
circuit during discharge. In Fig. 15 it is shown that 
at the first instant of discharge the entire voltage 
drop is across the series inductance; but this voltage 
drop soon decreases to zero and at that instant the 
current from the generator capacitance is a maxi- 
mum. Figure 15 also shows that the charging cur- 
rent of the load is zero when the load voltage is a 
maximum. It is interesting to note that, although 
the components of the voltage drops are quite vari- 
able, the voltage of the generator capacitance de- 
creases at a nearly smooth rate. 

One of the primary values of impulse generator 
calculations is to prove that cathode ray oscillo- 
grams actually record the test-piece voltage. Figure 
16 shows a calculated wave for a capacitance load 
and upon it is represented a transcribed oscillogram 
for the same circuit conditions. The 2 waves nearly 
coincide. 

A calculated wave and a transcribed oscillogram 
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Fig. 15. Calculated wave shapes of 
waves impressed on different parts of 
the circuit 


oscillogram 


simple circuit of a capacitance discharging through a 
resistance. The shunt resistance also has an effect 
on the crest magnitude, Fig. 10 indicating that the 
crest increases apparently exponentially with the 
resistance. 

_ The fifth of the circuit constants to be considered 
is the capacitance of the impulse generator. Figure 
11 shows that small variations in this capacitance do 
not alter the wave greatly. Figure 12 shows that the 
front and the crest are not changed appreciably by 
small variations in C;, but that the duration varies 
nearly directly with C). This last observation is 
well expressed in the relation t = 0.7 RC. 
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Fig. 16. Comparison of calculated 
wave shape with oscillogram 
The calculated wave is 1.5x40 psec; the 


represented by the 
apparently is the same 
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Fig. 17. Calculated wave shape for 
transformer load, compared with 


crosses . 
oscillogram 


of probably greater interest is shown in Fig. 17 
where the load is a transformer. Figure 17 shows: 
(1) the measured wave which is the average of 3 
oscillograms taken during a commercial impulse test 
on a power transformer; calculated waves; (2) 
neglecting the capacitance of the transformer load 
(C, = 0); (8) neglecting the inductance of the 
transformer load (L; = ); and (4) considering the 
inductance and capacitance of the transformer 
load. The close check between the oscillogram wave 
and the calculated wave where both the inductance 
and the capacitance have been considered shows the 
importance of considering the constants of the load 
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added to the impulse generator, and the agreement 
that can be obtained between oscillograms and 
calculations when the calculations are made cor- 
rectly. 


Appendix I—Inductance of Generator Circuit 


By means of 2 formulas from the Scientific Papers of the U.S. 
Bureau of Standards,!° the inherent series inductance in the dis- 
charge circuit of the impulse generator can be calculated. 

The leads and the banks of capacitors will form V-shaped paths, 
the inductance of which may be considered that of 2 parallel wires 
of radius p centimeters, of length h centimeters corresponding to 
the height of the V, and of distance d centimeters apart equal to 
half the base of the V. The formula for each V is then 
ld 


ie Ah ( loge 5+ ie a) X 107% microhenries 
The inductance of these V’s form about 2/3 of the inherent series 
inductance of the generator. 

The remainder of the inherent inductance of the generator is 
approximately equivalent to °/s of the inductance of a squaie of 
sides a centimeters in length. For ease in computation the con- 
ductor is considered of square section and of @ centimeters on a 
side. Small variations in @ do not affect the total inductance 
greatly. The formula for the total inductance of the square is 


L = 8a ( loge = ae 0.477 = + 0.033 ) X 10-3 microhenries 


Of course, approximately only °/s of this inductance will be added 
to the inductance of all the V’s in order to determine the total 
series inherent inductance of the impulse generator circuit. 


Appendix II—Method of Root Extraction for 
Equations Containing Not Over 2 Complex Roots 


Suppose a third degree equation be considered. 
bp? + kop? + ksp + ka = 0 = (6 — fi) (d — 2x) (b — Ps) 


Arrange the coefficients of the equation so that the first root can be 
obtained by a method similar to long division. 


Ih Se Ios + ks Sips |e 
a + a(ky — a) + al[k3 — a(ke — a)] 
14+ (kb — a) +k3 — a(k2 — a) +e 
a +a(ke — 2a) 


1 + (k2 — 2a) + [ks — a(2ke — 3a)] 


The nearer that ky minus a[k3 — a(ke — a@)] or « approaches zero, 
the more accurate the roots of the equation will be determined. 
If the difference, ¢, is zero, the remainder 1 + (ke — a) + [kx — 
a(ke — a)] may be written as 1 + (A) + (B). This corresponds 
to the quadratic equation p? + Ap + B = 0 with solutions 


a Sol 
: 2 


ea) At AB 


3 = 2 


These roots, of course, may be real or complex. The first root 
would have to be real, and as determined above would be f; = —o. 
As long as there are not more than 2 complex roots in an equation 
of any degree usually the real roots can be extracted in a manner 
similar to the method by which the root p) = —@ was obtained. 

In the preceding development, should ¢ not be equal to zero upon 
the first trial, the division process may be repeated and a second 
remainder obtained. This second remainder [ks — a(2K, — 3a) ] 
may be divided into ¢ to obtain a correction for a. If the correction 
be positive, it should be added to the first value of a to obtain a 
more nearly correct value of a. If the correction be negative, @ 1s 
too large by approximately that amount and should be reduced 
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Appendix Ill—Equivalent Operators 


Where P; = —a, P, = —8 +, and Ps = —B —a@ 
for n = 0, 1, 2, or 3 

PY" 1 (—a)” —le—at 

P3 + K.P? + K;:P + Ki (a — 8)? —o? 
‘i (-86 + w)t—1e(—Bre)t (-—8 = w)t -1(—-B—o)t 
20(a — B — w) 


oR eC) 


—2w(a — B — w) 


1 
R= forn = 0; R = Oforn = 1, 2, or 3 
4 


Where P; = a, Po = —B + jw, and P; = —B — jw 
= 1 — 
(PEK Pe ake Dae eran 
i [= ie 2 — 28 
BN Bb ed as 
(fa at et et errr 
(w? + a8 — 8?) 


Pi . 1 [<= Re 
P?+ K.P? + K:3P+ Ki (a — B)? +0? 


Seos at + 2 —* sin us f | (3) 


(23) 


P21 1 
P'4+ K.P? + K3P+ Ky (a — 6)? +0? 
[ acne’ — 2) <a cos wt — ice ot ae ott | (4) 


w 


Pr apes I [ 2 at —eBt 
Pi SRePIee KePee eee 
BE Se. Ae Bota, iy 
sin ott | (5) 


| 2a8 — B® — w?) cos wt + 


w 
Where P; = —a, P» = —86, P3 = —y, and Py = 
= 1Or, 2) =) Oy leper oted: 
Pr 1 : i (=a) wen 
P+ + K.P? + K;P? + Ki.P + Ks A, 
(pyriee | (ny) | (mayne 
A; A Aja ee 


R == forn = 0; R =O form = 1, 2,3, or 4 


A, = —o? + aX(B + y + 4) — a(By + B85 + v5) + Byrd 
A? = —f + B{a + vy + 6) — Blay + a + v8) + ays 
A; = —y¥3+ ya + B+ 5) — y(aB + a6 + Bd) + as 
A, = —8 + Ma+ B+ 7) — a8 + ay + By) + aby 
Where P; = —a, P; = —6, P3 = —y + jw, and Py = —y — jw 
1 enat e-Bt 26-7 
Pe KiPue GPP hie + he ald Spas 
(—Ary — Aw) cos wt + (Aw—Asy) sin | ae 
L at ee) 
P1 eat e—bt De-vt 
P++ K,.P3+ K;3P?+KiP+ Ks, As Ag A7?? + Ag? 


[ 41 cos wt + As sin at | (8) 


IAL ty —ae—% — Be—8t 
P!+ K.P? 4+ K;P?+KP+K, °&4244A; Ag 
Qe! 
ieee [(-4ry + Agw) cos wt — (Aw + Asy) sin at | (9) 
As = —a8 + a8 + 27) — aly? + w + 2By) + B(y? + w?) 
Ay = —B9 + Ba + 2r) — Bly? +o? + 2ay) + aly? + ot) 
Az = —2w*%(a + B — 27) 
As = 2u(y? — w? + a8 — ay — By) 
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PE RP TKP KP +R dy " Ae AP Ae 
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Where P,; = —a + jw, Pp = —a — jo, P; = —6 + ja, and 
Py = —p — jo 


1 ae 
BELGGP KPa ki + Ke 
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Ay = 2w(a — 8B) 
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An = 22(B — a) 
Ay = (w? — 0) + (a — 8)? 


iPSil eT at 
Pé+ KP? + K;P?+ KiP + Ks (As? + Ay?) 


Rte: — w*) — 2A wa cos wt + |24 sus + Ara? -w')| 


«Bt : 
(An? + An’) [ | An(a?—2% -24n60 cos Qt + 


sin wt | + 


}24n60 aF An(6?—08) | sin ar | (15) 


Psi eat 
JON oe K2,P* + K3P? + K.P + K; = (Ag? + Ayo?) 


[ Asta + 3aw*) + Ai(8a2 — wt) 60s wt + 


| Axes — 3a°w) + Aw(—a? + aut) sin wt | FP 
€—At 
ea AL Are + 369?) + A12(362Q — | 


- cos Qt + | Ano? — 3672) + Ap(—g# 3 + 360)| sin or | (16) 


Bibliography 


1. Tue EFFectT OF TRANSIENT VOLTAGES ON Dr 


ELECT: 
A.1.E.E. TRans., v. 34, 1915, p. 1857-1909. rics, F. W. Peek, Jr. 


2. IMPULSE TESTING TECHNIQUE, Foust, Kuehni 
epi ais 08s «daca, » Kuehni, and Rohats. Gen. Elec. 


8. CHARACTERISTICS OF SURGE GENERATORS FOR TR 


° ANS oy 
P. L. Bellaschi. A.I.E.E. Trans., v. 51, 1932, p. 936-45, Sar ee 


176 


4. OPERATIONAL Circuit ANALysIS (a book), V. Bush. John Wiley and 
Sons, New York, N. Y. 


5. Sunt Resistors FoR REACTORS, Kierstead, Rorden, and Bewley. A.I.E.E. 
TrRans., v. 49, 1930, p. 1161-77. 


6. LABORATORY MEASUREMENTS OF IMPULSE VOLTAGES, Cc. M. Foust and 
J. C. Dowell. A.I.E.E. Trans., v. 52, 1933, p. 537-43. 


7. LABORATORY MEASUREMENTS OF IMPULSE TESTING, L. V. Bewley’s dis- 
cussion of paper. A.I.E.E. TRANS., v. 52, 1933, p. 555-7. 


8. Errscrs or SuortT LENGTHS OF CABLE ON TRAVELING Waves, McEachron, 
Hemstreet, and Seelye. A.I.E.E. TRANS., v. 49, 1930, p. 885-94. 


9. CaLcuLus oF OBSERVATIONS (a book), Whittaker and Robinson. D. Van 
Nostrand Company, New York, N. Y. 


10. ScrenTIFIC PAPERS OF THE U.S. BUREAU OF STANDARDS, No. 169. For- 
mulas and tables for the calculation of mutual and self-inductance: Dec. 1916- 


Portable Schering 
Bridge for Field Tests 


A portable Schering bridge which is ap- 
plicable for power factor, dielectric loss, 
and capacitance tests on condenser bush- 
ings and other equipment of higher capaci- 
tance in the field is described in this paper, 
and operating procedure is given. Such 
tests are desirable for forestalling failures 
of equipment. Although earlier power 
factor tests on bushings have been made in 
the field, this is probably the first applica- 
tion of the Schering bridge to field tests. 


By 
C. F. HILL 


MEMBER A.1.E.E. 


T.R. WATTS 


ASSOCIATE A.1.E.E. 


G. A BURR All of the Westing- 
. house Elec.’ and Mfg. 
ASSOCIATE A.1I.E.E. Co., East Pittsburgh, Pa. 


| ee attention given to bushings in 
service has not kept pace with the increasing ser- 
vice demand throughout the years. This is not 
negligence on the part of the operating companies, 
as they have always serviced bushings by the best 
available means. Generally a bushing has been put 
into service and operated for life, or until it failed, 
with only routine surface inspection. The change 
of apparatus from indoor to outdoor operation, the 
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steady increase of line insulation to prevent circuit 
flashover, the extension and interconnection of lines 
have subjected bushings to higher and more frequent 
overvoltages. 

The effort expended by operating companies to 
inspect and service apparatus in order to give to the 
public reliable and continuous service warrants a 
more effective test for bushings than has been avail- 
able in the past. Dielectric loss measurements de- 
tect deterioration of insulation which might later 
cause failure. However, a portable instrument for 
the measurement of dielectric loss was not available 
for purchase and use by the power companies until 
the Schering bridge here described was developed. 
Although designed primarily for power factor, dielec- 
tric loss, and capacitance tests on condenser bushings 
in circuit breakers and transformers, this portable 
Schering bridge also is adaptable to the testing of 
equipment of higher capacitance, such as cables, and 
for miscellaneous laboratory uses. 


CONSTRUCTION FEATURES 


In Fig. 1 is shown a schematic diagram of the ap- 
paratus, which is a Schering bridge designed for 
“inverted” operation, to permit testing capacitors 
having one terminal grounded. The testing poten- 
tial is 13.8 kv, which has been found adequate for 
finding faults, even in 230-kv bushings. 

In Fig. 2 is shown the experimental model of 
the portable inverted Schering bridge, as used in ob- 
taining the results herein reported. The manually 
operated decade resistors, decade capacitors, shield 
balancing controls, galvanometer, and all the parts 
which in conventional laboratory bridges are very 
near ground potential, are at 13.8-kv potential from 
ground in this set. Therefore, they are enclosed in 
a metal box or shield which is balanced to galva- 
nometer potential, and this box is enclosed in a 
grounded box. The knobs on the front panel are 
connected to their respective instruments by insu- 
lating shafts which have metallic bearings ou the 
inner panel or shield to prevent shaft leakage cur- 
rents from entering the bridge circuit. In the ex- 
perimental unit, Fig. 2, the lower cabinet contains a 
small air cooled testing transformer, a panel of 
switches and signal lamps, and a cylindrical stand- 
ard air capacitor of 165 uf. 

A new design, now built, includes a no-loss stand- 
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Fig. 1. Schematic diagram of complete circuit 
(except film cut-out) 


Shunt switch points A and B are always opposite, being 
moved by same knob 
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ard capacitor in the upper cabinet which utilizes 
the capacitance between the inner and outer boxes. 
A strip around the ends, top, and bottom of the 
inner box comprises the active electrode, while the 
front and back serve as guard rings. The trans- 
former and the low voltage switching are mounted 
on the table which supports the instrument case, as 
shown in Fig. 3. 

The cable which connects the set to the high voltage 
terminal of the capacitor under test has an inner 
shield which is balanced to the same potential as the 
central wire, thus eliminating losses from wire to 
shield; and also has an outer shield which is 
grounded. 

A reflecting vibration galvanometer is used be- 
cause of its simplicity and its sensitivity to the 
fundamental frequency only. 

If desired, the set can be made convertible for use 
in the conventional laboratory manner (i. e., not in- 
verted, but with ground at instrument end) for test- 
ing at voltages above 13.8 kv, with auxiliary stand- 
ard capacitor and transformer designed for the volt- 
age to be used. 


OPERATION 


The inverted Schering bridge is operated in the 
same manner as the conventional laboratory type. 


Fig. 2. Experimental model of the portable inverted 
Schering bridge used in obtaining the results given 
in this paper 


Referring to Fig. 1, the galvanometer switch is 
turned to the shield position and the shield is bal- 
anced approximately by manipulation of the shield 
impedance, Rg, Lsq, and Ce ethene tie galva- 
nometer switch is turned to the bridge position, 
and balanced to a null reading by simultaneous 
manipulation of the decade resistors Rs and the 
decade capacitors C;. In most bushing tests the 
shield impedance can be shorted out entirely without 
appreciable error in readings, but in testing insula- 
tion samples of very small capacitance or very low 
power factor it is necessary to balance the shield if 
high accuracy is required. 

The existence of interference affecting only the 
galvanometer, such as an alternating current mag- 
netic field, can be detected by turning the galva- 
nometer reversing switch. Such interference is nearly 
always negligible, but if not the bridge can be 
rebalanced with the galvanometer reversed, and the 
readings averaged. 

Errors due to interference from an electrostatic 
field, such as from a high voltage line overhead, can 
usually be eliminated by averaging readings taken 
with the 115-volt supply line reversed, but occa- 
sionally special shielding may be required. 

In the following equations, the symbols used are: 


Ci, = equivalent series capacitance of the specimen 
Ci» = equivalent parallel capacitance of the specimen 
C, = fixed capacitance of standard air capacitor 
C, = decade capacitor microfarads. (Range 0 to 11.111) 
R; = decade resistor ohms. (Range 0 to 1111.11) 
(100,000 
Ry, = fixed resistor ohms. ae 
2rf 
Y = shunt ohms, indicated at shunt switch-point. (0.3, 1, 3, 
10, or 30) 
6 = phase angle. (cos 6 = power factor) 
When the bridge is balanced: 
Cs 
Tho cot 6 


Specimens tested with less than 50 ma charging 
current (i. e., Ci, less than 9,600 puf for 13.8-kv 
60-cycle test) do not require the use of a shunt 
across 3, and the shunt switch is placed at the 
“INF.” point; then 


For specimens of larger capacitance, 


100 + Rs 


Cr = CLR, VR; 


The total resistance from the galvanometer ter- 
minal to the end of the shunts is 100 ohms. Al- 
though part of this resistance is connected in series 
with the specimen when using the shunts, its effect 
on the power factor of the specimen is negligible. 


(Ore = Gis sin? 6 
For low power factors it is permissible to assume 
Ci, = Cip and cos 6 = cot @ 


Ordinarily no correction is required for power fac- 
tors less than 0.10. In practice a correction curve 
is used which shows values of power factor and sin? 
§ corresponding to any value of C,. 
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The proofs of the above statements are not given 
here, having been covered in previous Schering bridge 
literature. (See ‘‘Alternating Current Bridge 
Methods,” by B. Hague, Sir Isaac Pitman and 
Sons, Ltd., revised, 1930; and “Testing High- 
Tension Impregnated Paper-Insulated, Lead-Cov- 
ered Cable,” by E. S. Lee, A.I.E.E. TRANS., v. 44, 
1925, p. 104-16.) 

It will be noted that the inverted bridge, Fig. 1, 
and the ordinary laboratory bridge, will not give 
exactly the same readings on the same condenser 
bushings when tested in the laboratory. The 
inverted bridge always reads the total capacitance 
between the high voltage terminal of the bushing 
and ground, which includes, in parallel with the 
internal capacitance of the bushing itself, the ex- 
ternal capacitance from the high voltage ends of the 
bushing to all surrounding grounded objects. In 
the ordinary laboratory bridge circuit, the flange of 
the bushing is not grounded and the bridge reads the 
internal capacitance of the bushing plus the external 
capacitance from the flange to the ends of the bush- 
ing and the high voltage lead connected thereto. 
Thus the readings by the inverted bridge show a 


Fig. 3. A new design of portable inverted Schering 
bridge 


slightly higher capacitance and a slightly lower 
power factor than is shown by the ordinary labora- 
tory arrangement, but the difference is small. 
For example, a 66-kv bushing, set up in a vertical 
position on a wooden stand in the laboratory, 
measured 0.0115 power factor, 149.0 wuf by the in- 
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verted Schering bridge, and 0.0134 power factor, 
137.3 upf by the same bridge used noninverted and 
also by a laboratory Schering bridge. 

When the bushing is tested in its tank, the capaci- 
tance read by any method is that of the bushing plus 
its capacitance to tank wall, etc., and is not a true 
capacitance of the bushing. The small error due to 
inversion is therefore of no importance. 

For laboratory work or where extreme accuracy is 
desired, the test specimen can be shielded so that 
both the error in capacitance and the error in power 
factor practically disappear. 


ACCURACY, SENSITIVITY, AND RANGE 


The accuracy of the bridge is dependent upon the 
accuracy of the calibrated resistors and capacitors, 
and also to a very large extent upon the proper 
shielding of the specimen. 

The sensitivity is sufficient to read at least 3 
significant figures in power factor and 4 significant 
figures in capacitance. The sensitivity depends upon 
the test voltage, the galvanometer, and the values 
of C2, Rs, Ru, and C,, and is not affected by the in- 
version of the circuit. 

The range in power factor is from 0.0000 to about 
0.7432 (i.e., tocot 6 = 1.111). The minimum capaci- 
tance readable is determined by the capaci- 
tance of the standard (:, the maximum resist- 
ance of R;, and the frequency. For the bridge 


now being built the minimum is Cj; = C) = = 
3 
100,000 
ee ee eee f 
ae eer IAL ohms  * 
90 _ 18,000 


Pat wate This minimum C\, is therefore 
47.8 pyf at 60 cycles, 57.3 pyf at 50 cycles, and 
114.6 pyf at 25 cycles. The maximum readable 
capacitance is determined by the current carrying 
capacity of the testing transformer and the shunts 
for the R; arm of the bridge. 

The shunts in these sets, as ordinarily built, have 
a maximum current rating of 10 amp. 

The field set uses a potential transformer. A 
larger transformer is required when the shunts are 
needed. 


GENERAL QUESTIONS OF BUSHING TESTS 


Although the value of a-c loss tests for investigat- 
ing insulation characteristics has been known for a 
long time, a test of this nature has been used as a 
field test only in recent years. 

There may be some question raised as to the re- 
liability of a power factor taken at 13.8-kv on bush- 
ings that have normal operating voltage above this 
test voltage. From curves in Fig. 4 it can be seen 
that the power factor change with increased voltage 
is not erratic, but is a gradual increase from 10 kv 
to voltage above the normal rating of the bushings. 
The curves show that the higher the power factor 
the greater is the change in power factor with in- 
creasing voltage. The curves show that a test at 
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13.8 kv is a very fair representation of the bushing 
loss at rated voltage. Wherever a test has shown 
a defective bushing at normal operating voltage, 
the bushing also has been shown defective on the 
13.8-kv test. 


Fig. 4. Power 
factor versus test 
voltage 


Cuve 1. 66-kv «= 

bushing. Operat- 5 

ing voltage 39.9kv & 

Curve 2. 115-kv = 

bushing. Operat- © 

ing voltage 66.4 ky. 

Curve 3. 34.5-kyv 

bushing.  Operat- 

ing voltage 19.9 ky Olnmmns 0% tt 20 nr 0an-40 mn 50 NEGO RENO EEO 


VOLTAGE — KV 


There is an increase in power factor with increase 
of temperature and the higher the power factor the 
more rapid is the increase. The power-factor-tem- 
perature curve in Fig. 5 was created from laboratory 
investigations and has been used in our field tests 
for interpreting the test results on the condenser 


Fig. 5. Power LIMIT FOR 

f 8 li = f ale SATISFACTORY a 
actor limits for | | BUSHING Y 
condenser bush- 

ing 


POWER FACTOR 


Condenser bushings 
with power factors 
on or below curves 
are believed to be 


60DEG C 
'40DEG F 


satisfactory. Im- . alee ae eh wenetice 


mediately above 

curve and of un- 

certain height is a doubtful zone in which bushings are probably 
satisfactory 


Tests should be made with the bushing disconnected from all lines 
Testing when bushing is below 60 deg F is not recommended 


type bushings. We would expect any condenser 
bushing having a power factor falling on or below 
the curve to meet the standard one minute accept- 
ance test. The curve has not been used as a sharp 
dividing line between what constitutes a good and a 
poor bushing. A bushing with a power factor 
approaching or extending slightly beyond the curve 
was held in suspicion, and the procedure taken de- 
pended upon whether periodic tests were to be made, 
whether the bushing was located where an interrup- 
tion meant serious trouble, or whether the type of 
bushing had materials which might have inherent 
high losses. With all the data already obtained by 
the different companies, it will probably be several 
years before a fairly definite statement can be made 
as to the power factor which represents a satisfac- 
tory bushing for service. The power factor tests 
may eventually show the best results when inter- 
preted on a comparison basis; that is, tests made 
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periodically and compared with previous tests to 
show any changes which may have taken place. 
Comparisons with similar bushings will also be of 
value. A high power factor may be the natural 
power factor of the bushing, and if the power factor 
remains constant, satisfactory service should be 
expected. In other words, a 0.03 to 0.04-power 


a aga 
5° Fl 
8 rik 
Be? Elms 
2 Para 
ap rac 


20 140 |60 180 200 220 240 260 280 300 320 


Fig. 6. Power factor versus dielectric strength 


Power factor-voltage curve on experimental bushings of the 
same physical dimensions is shown 


Power factor values were at 100 deg C 


Voltage test with lower end of bushing in 70 deg C oil 


130 ky applied for 10 hr and be. 15 kv each succeeding 
10 hr 


factor bushing that remains constant from year to 
year may be safe, whereas a bushing that changes 
from 0.01 or 0.015 power factor to 0.025 or. 0.03 
‘ power factor may be unsafe. 

The majority of bushing troubles are due to 
moisture entering the bushing. In most types of 
bushings the process of deterioration caused by the 
moisture is slow, and it is the authors’ opinion that 
the presence of moisture in a bushing can be deter- 
mined by the power factor test long before it reaches 
a dangerous condition. As power factor is more 
pronounced at higher temperatures it is preferable 
to make the test at a time when the temperature of 
the apparatus is not lower than 60 deg F. 


METHODS OF TESTING 
CIRCUIT BREAKERS IN THE FIELD 


To test a circuit breaker, the leads are discon- 
nected from the bushings at the top and the lead 
from the testing set is attached. Tests are made 
with the breaker closed, and then on each bushing 
by itself with the breaker opened. The combined 
readings give a definite story of the insulating con- 
dition of the oil, lift rods, and bushings of the 
breaker. 

Testing without disconnecting the bushing from 
the lead to the disconnecting switch is faster, but 
has disadvantages which lessen the value of the 
bushing test. frst, the disconnecting switch loss 
is included in the test. Second, the pick-up inter- 
ference on the disconnecting switch and the lead be- 
tween the bushing and the switch affects the reading, 
and makes it necessary to obtain a value from the 
average of 2 readings taken by reversing the 115- 
volt line to the testing set. Third, the capacitance 
of the bushing is not obtained. The capacitance of 
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the bushings should be watched as closely as the 
power factor values. If the bushing is partly punc- 
tured and the punctured path charred so as to be 
conducting, the power factor will read normal. The 
capacitance will increase, and it is the capacitance 
which must be depended upon to detect the partial 
failure. Fourth, the comparison between tests is 
made difficult and uncertain. 

An abnormal reading from a bushing tested alone, 
in the breaker, indicates bushing faults. Abnormal 
readings from both bushings, when tested separately 
on the same breaker unit, indicate both bushings at 
fault, or more likely high power factor oil. Normal 
readings on the bushings in a unit, and abnormal 
readings from the unit with breaker closed indicate 
lift rod and guide trouble. 


PROCEDURE FOR LOCALIZING 
THE CAUSES OF ABNORMAL VALUES 


If indications are that the bushing is at fault the 
following steps are taken. After each step the power 
factor test is repeated. 


1. The exposed porcelain is shielded to eliminate surface leakage. 

2. The oil is dropped in the circuit breaker and the porcelain arc 
shield surface is cleaned. 

83. The porcelain arc shield is removed and the oil end of the bush- 
ing cleaned. If there is any question of the condition of the oil in 
the arc shield chamber, power factor and dielectric breakdown tests 
are made on it. 


If the values are not reduced to normal by pro- 
cedures 1, 2, or 3, above, the insulation of the bushing 
is at fault and the bushing is removed from service 
for reconditioning or salvaging. 

The capacitance of a bushing is slightly higher 
in a breaker than when tested alone. The increase 
of capacitance is caused by the presence of tank wall 
and the contact parts. This increase in capacitance 
is very consistent for breakers of the same type and 
voltage class. 

The power factor value with the breaker closed is 
generally found to be nearer that of the bushing with 
the lower power factor, rather than equalling the 
mean power factor of the 2 bushings. If the oil or 
lift rods have appreciable loss the above is not true 
and the power factor with breaker closed may be- 
come any greater value. 

If indications are that the oil is at fault: 


1. Power factor and dielectric breakdown tests are made on samples 
of the oil. 

2. An analysis of the oil is made. 

3. The oil is reconditioned or replaced with other oil. 

Notes: New oil has a power factor well under 0.005. The tests 
have indicated that good oil from service measures less than 0.01 
power factor at 20 deg C. 


If indications are that the lift rod and guides are at 
fault: 


1. The oil is dropped in the circuit breaker and the lift rod and 
guide are given a surface examination and tested for leakage paths 
with a megger. 

2. The parts are cleaned and reéxamined and re-meggered. 

3. The circuit breaker is closed and power factor retaken. 


If the values cannot be brought to normal the lift 
rods or guides should be replaced. All lift rod and 
guide faults found so far have been due to surface 
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leakage due to deposits and have been eliminated 
by operation 2 above. With the circuit breaker 
closed, a power factor reading 0.005 or more in ex- 
cess of the mean power factor of the 2 bushings of the 
same unit has been used to warrant an investigation 
of the lift rods and guides, provided the power fac- 
tors of the 2 bushings are normal. 

The actual time for testing a circuit breaker after 
it is prepared for test is very short. Only a few 
minutes are needed to take the 9 test readings for a 3- 
pole 3-tank breaker. The best record to date made 
in the field with the portable inverted Schering 
bridge was testing the bushings of 19 3-pole breakers 
and 12 potential transformers in one day without 
overtime. Four men were used on the test during 
this day. One man went ahead of the testing crew 
disconnecting leads, 2 men conducted the test, and 
the fourth man followed up the testing crew recon- 
necting the leads to the bushings. The number of 
circuit breakers that can be tested in a day depends 
largely upon the time taken to switch from one 
breaker to another, and the time required to localize 
a fault and remedy it. 

Periodic power factor tests decrease circuit breaker 
maintenance as the electrical condition of the 
breaker is shown by the test. 


TESTING TRANSFORMER BUSHINGS 
The testing of a bushing on a transformer is ap- 


proximately the same as for a bushing on a circuit 
breaker. 


Table I—Results of Early Tests 


To localize abnormal readings: 


1. The exposed porcelain is shielded to eliminate surface leakage. 
2. The oil end of the bushing is cleaned. 


If the fault is not cleared by steps 1 and 2 above, 
the cause for abnormal power factor is in the bushing 
and it is removed from service. 

On transformers it has been necessary, heretofore, 
to disconnect the winding from the bushing com- 
pletely to make the tests, either by dropping the oil 
in the transformer tank and disconnecting the wind- 
ing, or by attaching a rod of insulating material 
to the end of the lead and pushing it down and out of 
the central tube of the bushing. Obviously, this is a 
very undesirable procedure. With the inverted 
Schering bridge, the transformer lead requires very 
little insulation between it and the bushing, as the 
transformer lead is attached to the shielding circuit 
of the bridge and brought to the same potential as 
the bushing. In many of the transformers, the lead 
is taped all the way through the bushing, so that it 
is only necessary to disconnect it at the top of the 
bushing and attach it to the shielding of the testing 
set cable. The ground connection of the transformer 
must be removed during the test. 

In the absence of tape on the lead, a thin-walled 
tube of insulating material usually can be pushed 
down through the bushing, surrounding the lead and 
insulating it from the bushing sufficiently for testing 
by the inverted Schering bridge method. As many 
as 3 transformer banks and 2 spare units have 
been tested in one day using the insulated lead 
method, while almost an entire day has been taken 
to test one transformer bank when the oil had to be 
dropped to disconnect’ the winding. 

Potential and instrument transformers have been 
tested as a unit; that is, the tests are made on bush- 


No. No. of Other Faults 
Com- Bushings No. of Bushing (Lift Rod, Oi, ings and windings together. After a few tests are 
peey eee pauls Faults __Was. ete) ~~ made, it is known just what one of the complete 
Net Was ae. Bon Sede OLE" i ne aoe ee units should measure and a unit giving an abnormal 
Borie DBO. AB ee BI 6 reading is segregated to find the location of the fault. 
High loss oils, high loss winding, and high loss bush- 
Table II—Typical Cases 
Test Ky 
No. Rating Power Factor Breakdown on Test Remarks 
1 SEA dee OsOSGrateesidegi@nresmin cr ri oe okactryoe at =a, 1 OOLKY while raising Bushing made before 1922. Trouble due to moisture entering 
OnOoeatioOides) ©. e een eone 0) teins) ook) cee Voltage. to fashever ns. «sr busuing 
Py 2 Se alee eee RC Pe oy Sic nm Ses EER EL Ac beg Moma otal MAN Te 
2 . 66 OnOTieatec Oldest CG. eaten natin se sale ee iets: eur LOS KN AILELIOS SEC wuterae Bushing made before 1922. Trouble due to moisture entering bush- 
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. 0626 foe biishing d No. 4 on unit. 
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.0666 for breaker closed... 
.0856 for sample of oil. 


.0186 for No. 2 bushing.. 

.0340 for breaker closed... a 
0206 for breaker closed after lift fad and | parts 
were cleaned... 
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ing 
.. Bushing made before 1922. Dismantled and a charred path 7 in. to 
8 in. long over micarta insulation at top was found 


.Capacitance was high. Oil end of bushing was found to be me- 
chanically damaged 


. Potential transformer. The high power factor of the winding was 
likely due to moisture. The winding was given further drying 
before putting into service. The bridge, however, was not 
available for making a test after this last drying operation 


.. Circuit breaker. The abnormal power factor was due to the oil 


.0205 for bushing No. TREC loa Bitte olberid Be Aic ccd. abba eeere oe 
.0258 for bushing No. 2 after cleaning oil end....--... +. sees reer reer eres 
.0213 a ck ye gin eee 


.Circuit breaker. Abnormal power factor with breaker closed was 
due to deposits on the lift rod 
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ings have been found readily by this combi- 
nation test. One disadvantage of the test 1s 
that the capacitance of the bushing cannot be 
determined. 


FIELD TESTS 


Tests have been made on the properties of 10 
operating companies with the set in its experimental 
form. On some systems the tests were an investiga- 
tion of bushing troubles and on other systems were a 
general test on all bushings. We do not have a 
complete record of all actual faults found in the 
field as 2 of the operating companies conducted 
their own tests. 

A fair conception of what to expect from the power 
factor test on a power system can be had from the 
results given from tests on 2 power companies’ sys- 
tems, and summarized in Table I. These represent 
the first field power factor tests made with the in- 
verted Schering bridge. The number of faults will 
materially decrease with repeated tests. Table II 


Pantograph Trolleys 
I—Design Features 


Improvements have been made in prac- 
tically every part of pantograph trolleys 
used for current collection on electric rail- 
ways. Asa result of these many improve- 
ments the pantograph of most recent design 
fulfills its important function in a highly 
satisfactory manner. Designs now are 
available for collecting currents of any 
magnitude found on either a-c or d-c roads 
at any speed up to 100 mph. 


By 
W. SCHAAKE Westinghouse Elec. & Mfg., 
NONMEMBER Co., E. Pittsburgh, Pa. 


A SUPERFICIAL examination of a 
pantograph trolley would indicate that there had been 
very little change in design. As a matter of fact, 
however, there have been important changes in- 


Full text of a paper recommended for publication by the A.I.E.E. committee 
on transportation and scheduled for discussion at the A.I.E.E. winter conven- 
tion, New York, N. Y., Jan. 23-26, 1934. Manuscript submitted Oct. 27, 1933; 
released for publication Dec. 1, 1933. Not published in pamphlet form. ; 
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gives some typical cases and conditions of bushings 
found by the tests. 

The decrease in dielectric strength occurring with 
increasing of power factor is shown in Fig. 6. 

A bushing operating on a line having a rated cir- 
cuit voltage lower than the bushing normal voltage 
class may safely be left in service with a power factor 
higher than a bushing operating on a line at its 
normal voltage, and still be satisfactory. 


CONCLUSION 


The tests show that the power factor device ac- 
tually does show deteriorated apparatus, provided 
the design of the equipment is known. A satis- 
factory device has been developed which will do the 
work quickly and with relatively little trouble. 
The use of the device, in codperation with the manu- 
facturer of the apparatus, will provide the user with 
experience in the location of insulation troubles 
and permit the user to detect defective equipment 
in time to prevent outages, and thus reduce operat- 
ing expenses. 


volving practically every part of the pantograph. 
Serious troubles were experienced with original 
insulation. Improvements in insulation have been 
made so that insulator troubles are now unheard of. 
Operation was very sluggish, and pressure was very 
irregular. By use of tension springs, self-aligning 
bearings, and change in bearing location, friction 
has been almost eliminated, and almost uniform 
pressure has been obtained throughout the operating 
range. 

Original pantographs had only small current 
collecting capacity. At present there are designs 
for collecting currents of any magnitude at any speed 
up to 100 mph, on either a-c or d-c systems. The 
range of operation has been increased to be suitable 
for 24-ft 6-in. operating height, and 15-ft 3-in. 
minimum operating height. In addition to original 
designs which were (1) spring-raised air-lowered, 
(2) air-raised gravity-lowered, and (3) air-raised 
spring-lowered, types have been developed that 
have elements of safety not found in original de- 
signs. The original designs of air raised pantographs 
also have been improved to give lower maintenance 
and greater safety. 

Structural improvements have been made to 
give greater stability and a simpler structure. Parts 
have been standardized to reduce the number of 
types of component parts to a minimum. As a 
result of these many improvements, the pantograph 
collector of most recent design fulfills its important 
function in a highly satisfactory manner. 


GENERAL 


Pantograph trolleys were first developed in the 
United States in 1906, at which time the New York, 
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New Haven, and Hartford electrification necessitated 
the use of this type of current collector. Various 
problems have been encountered in pantograph 
current collection; and although the general form 
of construction has not changed greatly from the 
original New Haven pantographs, the improvements 
which will be discussed were required to obtain 
higher operating speeds, greater collection capacity, 
uniformity of contact pressure, freedom from sluggish- 
ness, and more positive operation. While the im- 
provements that have been made up to the present 
time are taking care of present conditions, further 
improvements must be made for speeds in excess of 
100 mph. Experience indicates that these condi- 
tions can be met without great difficulty. 

As the roller type of pantograph has proved to be 
inadequate and has been replaced with a sliding 
shoe, this paper will be confined to the latter type. 
The component parts of a modern pantograph col- 
lector are: 


1. The collector shoe. 


2. The movable framework consisting of an upper and lower mem- 
ber. 


3. The cross shaft which supports the movable frame. 


4. The pantograph base which carries the cross shaft bearings, 
operating air cylinders, main springs, jack shafts, and automatic 
latch. 


5. The pantograph insulators to which the base is connected and 
which insulate the pantograph from the roof of the car or locomo- 
tive. 


The simplest form is the hand operated pantograph 
in which the contact pressure is supplied by either 
tension, compression, or torsion springs. Lowering 
is accomplished by means of a rope passing over a 
series of pulleys. This lowering rope may have the 
end held positively in the down position, or the 
pantograph may be held down by a latch which is 
released by a rope. Hand operated pantographs 
are little used because of the greater ease with 
which the air operated pantographs are controlled. 


AIR OPERATED PANTOGRAPHS 


Air operated pantographs can be divided into the 
following 3 types: 


1. Spring-raised air-lowered with automatic latch. 


2. Air-raised gravity-lowered: (a) held in collapsed position by 
gravity only; (b) held in collapsed position by gravity and an auto- 
matic latch. 


3. Air-raised spring-lowered without latch. 


In the first design the pantograph is raised by 
springs. It is lowered by means of air pistons acting 
on levers that counteract the moment of the raising 
springs and return the pantograph to the latched 
height. At this point an automatic latch engages 
the frame and holds the pantograph in the latched 
position. To release the pantograph, air is admitted 
to the latch cylinder. This releases the latch and 
permits the pantograph to rise. 

The raising and pressure mechanism consists of 
cams, cam chains, and tension springs (see Fig. 1); 
the lowering mechanism consists of push levers, 
air cylinders, and pistons (see Fig. 2); 
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Raising and Pressure Mechanism. Although fair 
results have been obtained by means of springs, 
connecting rods, and levers, it is impossible to locate 
the lever and connecting rods so that the moments 
obtained throughout the angular movement cor- 
respond closely with the combined moments of 


Fig. 1. Spring, cam, and chain 


lower frame, upper frame, contact shoe, and required 
contact pressure. A tension spring is the simplest 
and most direct means of applying pressure. Ten- 
sion adjustments are made very easily to vary the 
contact pressure of the pantograph shoe. The 
raising moment is imparted to the main shaft by 
tension springs connected to a cam by means of 
chains. The shape of the cam is such that the 


Fig. 2. Air 
cylinder and 
push lever 


variable moments throughout the operating range 
are counteracted and sufficient pressure moment 
added so that approximately uniform pressure is 
obtained throughout the operating range. The 
flexible connection from operating springs to the 
cam may be a flexible band, cable, or chain. Of 
these means a flat link chain has been found most 
suitable, due to strength and facility of making the 
end connections to the cam and spring. 

Lowering Mechanism. The lowering mechanism, 
Fig. 2, consists of a push lever keyed to the shaft, 
and air cylinders and pistons for exerting pressure 
against the push levers to produce a counter moment 
for lowering the pantograph. The push lever is 
provided with a roller at the point of contact with 
the piston to avoid the sliding resistance that other- 
wise would result at the end of the push lever. The 
lowering piston is provided with a suitable air 
packing at one end, and a loose sliding fit in the 
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cylinder at the other end to guide the piston in the 
cylinder and to prevent tilting. With this con- 
struction when the pantograph has attained its 
maximum height, the piston remains at the extreme 
end of the cylinder, and the push lever moves freely 
throughout its range of angular movement with no 
friction due to the piston during movements of the 
pantograph frame throughout the operating range. 
The only time the friction of the piston in the 
cylinder is encountered is during the lowering opera- 
tion by admission of air to the cylinder. During 
this operation the piston is forced against the push 
lever and the pantograph is brought promptly to 
the latched position. In raising the pantograph 
the reverse operation results when the air is ex- 
hausted from the air cylinder, and the push lever 
forces the piston back to the extreme end of the 
cylinder where it remains until the pantograph again 
is lowered. 


RETARDATION OF PANTOGRAPH MOVEMENTS 


It is essential that simple means be provided 
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against the pantograph being lowered too rapidly 
when air is admitted to the cylinders, and against 
raising too rapidly when the air is exhausted. This 
is accomplished very simply by a diaphragm in a 
pipe union between the air cylinder and equipment 
air piping. This diaphragm has a small hole in it 
which serves to check the admission of air to the 
cylinder and permits lowering in 11/, to 2 sec to the 
latched position. This same diaphragm prevents 
too rapid raising by retarding the speed with which 
the air is exhausted from the cylinder. There 
will be a decided retardation in ascent even though 
the air in the main cylinders has only atmospheric 
pressure, as some compression will result when the 
piston moves forward. It is desirable, however, 
to admit air to the main cylinders before admitting 
air to the latch cylinder, so that there may be the 
added retardation in raising due to air under pressure 
being exhausted from the main cylinders. 

In the second design (2a) the pantograph is 
raised by the admission of air to the main cylinders, 
which act through the springs, etc. In order to 
reduce the size of the main cylinders and also to aid 
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Fig. 3. Air raised pantograph with compressed air buffer and automatic latch 
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Fig. 5 (right). Aiir-raised 


spring-lowered pantograph 


Fig. 4 (below). Latch and 


mechanical release 


in retarding the lowering of the pantograph when 
the air is exhausted, 2 sets of springs are used: 
One set is for approximately balancing the dead 
weight of the pantograph; the other set may be 
called the pressure springs. Tension in these 
springs is supplied by means of air cylinders and 
pistons. When these springs are placed under 
tension, the pantograph begins to rise. When the 
piston is at the end of its stroke, full tension has 
been supplied to the pressure springs, and this 
condition is maintained as long as the pantograph 
is in operation. To lower the pantograph, the air 
is exhausted from the main cylinders and the panto- 
graph comes to rest at the collapsed height. A 
careful predetermined relation must exist between the 
balancing and raising springs. If these springs are 
too evenly balanced, there is a decided slam when the 
pantograph reaches the buffers. The raising springs, 
therefore, should have sufficient tension in the col- 
lapsed height so that a force of 30 lb is required at the 
pantograph shoe to raise the pantograph. Owing to 
the low collapsed height at which a majority of 
pantographs are required to operate because of low 
minimum height of contact wire, a satisfactory simple 
type of buffer is difficult to design. About the only 
alternative is a compressed air buffer, as shown in 
Fig. 3. 

This compressed air buffer consists of a small 
vertical air cylinder at either side of the pantograph. 
This cylinder is provided with a piston having a 
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buffer that permits an air cushioned movement of 
about 2in. Normally during operation of the panto- 
graph this buffer is in an extended position due to air 
pressure exerted on the piston. When the air is 
exhausted from the main cylinders, the air also 
is permitted to flow from the buffer cylinders, but is 
retarded by means of an auxiliary air reservoir and a 
diaphragm in the air connection with only a !/z9-in. 
hole permitting the air to flow from the auxiliary 
reservoir and buffer cylinders very slowly; thus 
there is still considerable pressure in the buffer 
cylinder when the pantograph frame comes into 
contact with the buffer. Without the auxiliary 
reservoir the air would be exhausted too rapidly 
from the buffer cylinder, and not much cushion 
effect would be obtained. 

In design 2b a holding-down automatic latch, 
Fig. 4, has been added to the air raised design. This 
becomes necessary in some cases where for long 
distances the pantograph operates on a contact 
wire very close to the collapsed height of the shoe. 
As the movable parts are more or less balanced, 
and are held down only by gravity, there is some 
tendency for bouncing of the pantograph, so that 
the contact shoe may raise some distance above 
its collapsed height. This automatic latch holds 
the pantograph positively in the collapsed position 
and is applied as a safety measure under low wire. 
The latch is released when air is applied for raising 
the pantograph, by a cam on a jack shaft. See 
Figs. 3 and 4. This design is now in successful 
operation on the Cleveland (Ohio) Union Terminals 
Railway. 


AIR-RAISED SPRING-LOWERED PANTOGRAPH 


In this design, Fig. 5, the contact pressure is 
supplied by tension springs. These pressure springs 
are opposed by lowering springs which have suf- 
ficient strength to overpower the pressure springs and 
lower the pantograph. The lowering springs are 
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controlled by an air cylinder. During normal 
operation the action of the lowering springs is 
counteracted by the air cylinder, thus allowing the 
pantograph to raise and operate. To lower the 
pantograph the air is exhausted from the main 
cylinder which permits the full tension of the lower- 
ing springs to be opposed to the raising springs. 

The advantage of the spring lowered design is in 
having the positive force of these springs forcing 
the piston back into the cylinder. The pantograph, 
therefore, starts lowering very promptly as soon as 
the air pressure is released. As the pantograph 
nears the collapsed height, the entire force of the 
raising springs is exerted to cushion the inertia of the 
descending mass. The lowering springs have maxi- 
mum tension during the application of air pressure 
in the cylinder, and minimum tension as the panto- 
graph reaches its collapsed height. 

The lowering springs need have only sufficient 
tension to overbalance somewhat the pressure 


Fig. 6. Single contact shoe and accessories 


moment of the raising springs plus the friction of 
the piston in the air cylinder, and the resistance of 
compressed air being forced from the cylinder. The 
air cylinder need have only sufficient capacity to 
overcome the full tension of the lowering springs 
plus the air piston friction. 


RELATIVE ADVANTAGES OF DIFFERENT DESIGNS 
Spring-Raised Air-Lowered Type 


1. In case air pressure is not available, it is only necessary in 
most modern types to trip the automatic latch by means of a wooden 
pole with hook attachment, and a lever arm connected with the 
mechanical release mechanism which is at the side of the panto- 
graph. This can be reached easily from the ground with the hook 
pole. See Fig. 10. 


Zen lowering the pantograph, as soon as air pressure is supplied to 
the lowering cylinders the pantograph begins to lower and continues 
lowering rapidly until the latched height is reached. 


3. In case of an air leakage so that there is a gradual reduction in 
air pressure, the pantograph is not affected when the shoe is in con- 
tact with the line. 


4, In case the air cylinder packing may have slight leakage, this 
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will take place only during the lowering operation, when leakage is 
not important. 


Air-Raised Gravity-Lowered Design 2a 


1. Pantograph is held in collapsed position by gravity only. The 
pantograph may be raised somewhat above the collapsed height by 
bouncing or by wind currents, but is secure against overraising to 
operating height except by application of air pressure. 


2. In low collapsed height where action is rather sluggish, the design 
lends itself easily to the application of a compressed air buffer, which 
also has the valuable feature of making the pantograph rise promptly 
when air pressure is applied. 


3. The balancing springs are practically without tension while the 
pantograph is in collapsed position. This will result in much longer 
life for these springs. 


4. Only 1 air connection to insulate in place of 2. 


Air-Raised Gravity-Lowered Design 2b 


1. This pantograph has advantages Nos. 2, 3, and 4, of design 2a 
and in addition has a positive latch. 


Air-Raised Spring-Lowered Type 


1. This design has all the advantages of the air-raised gravity- 
lowered type, and in addition can be raised or lowered as promptly 
and uniformly as the spring-raised air-lowered type. 


2. Less cylinder capacity is required than for the air-raised gravity- 
lowered design. 


RELATIVE DISADVANTAGES OF DIFFERENT DESIGNS 
Spring-Raised Air-Lowered Type 


1. This type is held in the collapsed position by means of an auto- 
matic latch. Should this latch not latch properly or shake loose, 
the pantograph will rise immediately. 


2. Incase of failure of the air supply, the pantograph would remain 
in contact with the line. In some cases this might be undesirable, as 
it might be safer and better to delay operation until the air supply is 
reéstablished. 


Air-Raised Gravity-Lowered Type 2a 


1. Difficulty in raising the pantograph without an air supply. 


2. Excessive air leakage which may result because of air being ap- 
plied continuously while the pantograph is in contact with the line. 


3. Less speed and uniformity in raising and lowering. 


4. Pantograph is not held positively in the collapsed position, and 
may be subject to bouncing which is objectionable on long stretches 
of low wire. 
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Fig. 7. Double contact shoe with wind vane 
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Air-Raised Gravity-Lowered Type 2b 


1. Same disadvantages as type 2a, but is held positively in the 
collapsed position by an automatic latch. 


Air-Raised Spring-Lowered Type 
1. Pantograph is difficult to raise without an air supply. 


2. Excessive air leakage may result because of the air being sup- 
plied continuously while the pantograph is in contact with the line. 


COMPONENT PARTS OF THE PANTOGRAPH 


Contact Shoe. In the development of the panto- 
graph shoe it has been found that a length of con- 
tact surface of 48 in. is sufficient for the majority 
of overhead construction now in operation. A 
length of 72 in. is found sufficient for the length 
overend horns. In the Virginian Railway electrifica- 
tion this distance was increased to 84 in. In this 


case it was believed that economy could be effected 
by using longer spacing of the overhead supporting 
structures resulting in greater displacement of the 
contact wire from the center of the track. This 
requires a longer shoe. 
successful operation. 


Shorter shoes also are in 
The Southern Pacific and 


Fig. 8. Southern 
Pacific Railroad 


contact shoe 


Key System use a shoe with a contact surface 36 
in. long, and with a length over end horns of 72 in. 
In each of these cases the short length of shoe is 
due to the overhead structures being built so that 
the contact wire is nearer the center of the track 
than elsewhere. The Chicago, Milwaukee, St. 
Paul and Pacific Railroad uses a shoe with a contact 
surface only 34 in. long, and with an over-all length 
over end horns of 84 in. This short length was 
necessitated by tunnel conditions, and as the over- 
head construction was designed for a shoe of this 
length, satisfactory operation is obtained. The 
shape of the end horns is determined in several 
cases by low overhead clearances to which the end 
horn must conform. 

Various materials have been tried for contact 
shoes. The aluminum bow which was used at first 
had a very short life. This was followed by a shoe 
having a wood base with a combination of aluminum 
and copper contact strips, and with a shoe made of 
sheet copper. This sheet copper shoe was followed 
by a sheet steel shoe, which still is used by important 
roads such as New York, New Haven & Hartford, 
Pennsylvania, Canadian National Sarnia Tunnel 
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electrification, and Boston and Maine. These are 
all single-phase a-c systems. The standard construc- 
tion generally adopted consists of a shoe with copper- 
bronze or steel wearing strips. This construction 
is shown in Fig. 6. In this design the shoe is an 
inverted trough section 41/) in. wide, made of sheet 
steel or aluminum alloy !/;, in. thick. There are 2 


Fig. 9. Pantograph with side guards 


long center wearing strips 24 in. long and 4 end 
strips 12 in. long. The center strips are 2 in. wide 
in the center and taper near the ends. Each of these 
strips is held with 4 flat-head bronze screws. This 
construction has been adapted to leave a clear 
central space of about 12 in. free from screw heads, 
as most of the wear occurs in that space. These 
strips have an outer edge with a */s-in. radius to 
give an easy approach on the contact wire, and 
one that is less likely to catch onto projecting 
clamps. 

A rather unique contact strip is used by the 
Southern Pacific and by the Key System. This is 
shown in a cross section of the shoe, Fig. 8. The out- 
side strips are of bronze angle stock 1!/, x 11/4 x 
3/1, in. The inside strips are half oval 1 x 7/s:-in. 
open-hearth steel. A copper contact wire is used. 
The space between strips is filled with a grease and 
graphite compound. A nicely polished contact wire 
has resulted, and very little wear can be observed. 
The action of the steel and bronze combination is 
not understood exactly, but it is probable that 
any rough spots appearing on the contact wire 
are removed quickly by the action of the steel strips. 

In a majority of single-phase 11,000-volt electrifica- 
tions a single shoe has been found to satisfy operating 
conditions. For nearly all d-c electrifications, and 
some heavy traction a-c electrifications, a double 
shoe (Fig. 7) is found essential. With 2 shoes 
having independent flexibility and supported so 
that the shoes are about 12 in. apart center to center, 
almost sparkless collection will result with a flexibly 
supported catenary system, collecting current of 
1,000 amp at 60 mph, and 2,500 amp when starting. 
For high speed operation at 50 to 75 mph, the wind 
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Spring-raised air-low- 


Fig. 10. 
ered pantograph 


pressure on the trailing shoe is found to be sufficient 
to cause a lowering moment so that the shoe actually 


will leave the wire. To correct this condition a 
wind vane is applied as shown in Fig. 7. This wind 
vane is located in the center of the pantograph, and 
is suspended at a sufficient distance below the shoes 
so that the wind pressure acting on it will produce a 
counter moment to that exerted on the trailing shoe; 
as a result, the shoe is held in contact with the line. 
It was found also that the shoe supporting arms must 
have a length of 71/, in., thereby increasing the ratio 
of contact pressure moment to wind pressure 
moment. Without the wind vane an _ excessive 
length of arm would be necessary. 

It is extremely desirable to have independent 
flexibility for the contact shoe. Owing to low mini- 
mum operating height and collapsed height, it is a 
difficult matter to obtain a suitable flexible shoe. 
In the double-shoe design a 2-in. range of movement 
is obtained with the design shown in Fig. 7. A 2-in. 
range also is obtained in the single-shoe design shown 
in Fig. 6. 

Lubrication of the pantograph shoe is essential; 
without it excessive wear will occur on both the 
wearing strips and the contact wire. The space 
between contact strips provides a recess for the 
lubricant. A mixture of 1 part flake graphite 
and 2 parts motor grease has been used with good 
success. 

In order to have a smooth passage of the contact 
shoe at sidings and crossings, the shoe is provided 
with end horns having a shape depending on over- 
head clearances in tunnels. In the first designs 
these end horns had a drop of 8 in. This has been 
increased in later designs to 12 in., to reduce the 
tendency for the contact wire to pass under the 
horn when the line is slack. In order positively to 
prevent the wire from being caught under the 
end horn, designs have been developed in which 
side guards have been added to the upper panto- 
graph frame. This is shown in Fig. 9. These side 
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guards are made of aluminum alloy tubing, and are 
clamped to a standard pantograph frame. Should 
the guards become damaged, they can be removed 
until repairs are made without taking the pantograph 
out of service. This is a decided advantage over 
some European designs in which the pantograph 
frame itself is so formed that a very short horn is 
required. In case the frame is damaged when acting ~ 
as a guard, the pantograph becomes inoperative. 

In pantographs with a considerable operating 
range and a double shoe, it is essential to keep the 
movable framework as light and rigid as possible 
to carry the collector weight and give sufficient 
contact pressure. It is found that high carbon seam- 
less steel tubing best meets these conditions for the 
lower frame. For the upper frame maximum 
strength and minimum inertia are obtained with 
aluminum alloy tubing. It is essential that both 
upper and lower frames be cross-braced adequately, 
and that the frame connecting castings be machined 
carefully to eliminate loose connections. All the 
pin holes should have hardened renewable bushings, 
and all pins should be case hardened or heat treated 
to reduce wear of these parts. 

Even though the upper and lower frames have 
excellent lateral rigidity, a decided side sway of the pan- 
tograph may result because of the torsion of the main 
shaft. When a lateral force is applied to the panto- 
graph, this force causes a moment about the pan- 
tograph base. The upper frame is supported by 
the lower frame, and this moment of the upper 
frame including shoes is resisted by the lower frame; 
thus a twisting moment is applied to the shaft at 
one side of the pantograph, which is opposed to the 
twisting moment at the opposite side. Any twist- 
ing of the shaft is multiplied greatly at the end of the 
lower frame, and results in a rocking or side sway of 
the pantograph. It is essential, therefore, that for 
high speed operation the pantograph shafts have 
great torsional rigidity. A hollow shaft of large 
diameter meets this requirement. It is essential 
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also that there be no lost motion between the lower 
frame and the main shaft. In older designs solid 
cross-shafts and keyed frame connections were 
used. In a recent modern design the connection 
of the lower frame to the main shaft consists of steel 
plates welded to the shaft. The lower frame tubing 
is flattened and fastened to these shaft plates by 4 
3/s-in. ream bolts in double shear. 

Pantograph Bearings. In older designs not much 
attention was paid to the main bearings. The 
general arrangement was such that in some designs 
8 bearings were used. In modern designs only 4 
bearings are used, and these are self-aligning roller 
bearings. This results in a very free response of 
the pantograph frame, and friction amounting to 
only 1'/, to 2 lb measured at the shoe throughout 
the pantograph operating range. Figure 11 shows a 
roller bearing in which the bearing itself is self- 
aligning. The bearing support has an end play 
arrangement which permits longitudinal adjust- 
ment. Both types of bearing are provided with 
“alemite’’ fittings for lubrication, and felt washers to 
exclude dust. 

Pressure Adjustment. In order to have a good 
range of pressure adjustment, an adjustable cam has 
been developed; this is shown in Fig. 12. By means 
of the set screw shown, a decided increase or decrease 
in pressure can be obtained at the lower or upper part 
of the operating range. 

Latching Arrangement. The most satisfactory 
location for the latch is found to be near the center 


in Fig. 11. Self- 
Let) aligning roller 
Ds bearing 


of the pantograph, both transversely and longitudi- 
nally. A great many designs have the latch engage 
the cross casting on the upper frame. For a long 
range pantograph with aluminum alloy tubing, the 
latch at this point causes considerable sag of the 
upper frame, and does not permit such a low latched 
height as where the latch is located near the center. 
The shape of this latch is such that the pantograph 
frame will engage the latch when lowered from a 
height 3 in. above the latch height of shoe. ; 
Frame Details. Although a rather minor detail, 
the hinge connection between upper and lower frame 
has an important bearing on a freely operating panto- 
graph without excessive side play. In a late design, 
Fig. 12, this connection is provided with a hardened 
bushing and hardened hollow pin with “alemite 
fitting to provide for good lubrication. To reduce 
wear in the joint, brass washers are inserted in the 
hinge. 
Base Frame. In order to simplify the pantograph 
base, the latest high speed design has an angle-iron 
base with only a single angle on each side, and 3 
transverse angles. Gusset plates are provided to 
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make a rigid frame. The side angles are adapted for 
resting on top. of pillar type insulators. Figure 10 
shows the angle iron base as a part of a complete 
pantograph. 

Insulators. Marked improvement has been made 
in pantograph insulation. The insulation of the 
pantograph from the roof of the car or locomotive 
requires 4 insulators. These may be of either spool 
or pin types. The spool type of insulator is satis- 
factory for voltages up to 1,500 volts. For voltages 
over 1,500 up to 3,000 volts, a petticoat type of in- 
sulator is desirable. This insulator consists of a 
one-piece porcelain insulator provided with a malle- 
able iron shield, adapter, and base. 

For 11,000 volts a pin type insulator is required. 
This is a 2-piece porcelain insulator provided with 
malleable iron cap and base. It has been used 
successfully by the New York, New Haven, and 
Hartford Railroad. This design does not have a 
metal shield protecting the porcelain. The flashover 
voltage of the latter design is only about 60,000 
volts as compared with 80,000 volts without shield. 

The insulator with shield is used successfully by the 
Pennsylvania, Norfolk & Western, Virginian, and 
the Reading roads in 11,000-volt operation, but in 
addition to the primary set of insulators on the 
pantograph, there is a set of secondary insulators 
applied to an insulated base so that double insulation 
is obtained. 

A one-piece porcelain pillai type. of insulator is 
especially well adapted for 11,000-volt pantograph 
insulation by using 2 sets of insulators. The 
pantograph shown in Fig. 10 rests on 4 primary in- 
sulators. These primary insulators rest on an in- 
sulated base which rests on the secondary insulators. 
Failure of either a primary or secondary insulator 
will not delay operation, as either insulator has 


Fig. 12. Adjustable cam 


sufficient capacity to provide insulation for a long 
period. This design is now in use on the Pennsyl- 
vania Railroad passenger locomotives. 

An insulated air connection also is required. This 
insulation is supplied by a rubber hose. Recently 
a porcelain tube insulator has been developed which 
gives promise of supplanting the rubber hose and 
thus decreasing maintenance cost. The end connec- 
tions have rubber packing which gives a certain 
amount of flexibility and thereby avoids fracture of 
the porcelain tube. 
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Pantograph Trolleys 
lI-Operating Features 


Satisfactory current collection on electric 
railways using pantograph trolleys depends 
on the ability of the pantograph to follow 
irregularities in the height of the contact 
wire at all operating speeds and within a 
limited range of pressures between the con- 
tact wire and the shoe. In this paper oper- 
ating characteristics of pantograph collectors 
are outlined, and operating data for 3 typi- 
cal pantographs are given. 


By 
B. M. PICKENS 


ASSOCIATE A.I.E.E. Blissfield, Mich. 


Se ACTORY current collection 
by electric cars and locomotives using pantograph 
collectors depends on the maintaining of a constant 
pressure by the collector on the contact wires. This 
pressure is limited to a very small range. At high 
speeds of operation the collector must accelerate 
rapidly to follow variations in the height of the con- 
tact wires. If all the available spring force is used 
accelerating the pantograph there is none left to 
produce the required pressure against the wires. 

The vertical upward acceleration of a pantograph 
depends inversely on its inertia and friction. The 
friction is small. The inertia may be expressed in 
terms of an “equivalent weight’’ which has the 
same inertia as the pantograph itself at the contact 
wire, and which consequently varies with the operat- 
ing height of the collector. In this paper are given 
a formula for computing the equivalent weight, and 
curves showing the equivalent weights of 3 repre- 
sentative pantographs. The possible rates of ac- 
celeration are given for these 3 pantographs at 
various operating heights. 

Curves are given for one of the pantographs show- 
ing its upward rise for certain time intervals, and 
for horizontal travel when operating at various 
speeds. These curves show the limits of the panto- 
graph’s ability to follow the wire at high speeds, 
which limits should be taken into account when 
designing overhead contact systems for high speed 
operation. For speeds of 100 mph or more both 
pantographs and contact systems will have to be 
improved for satisfactory current collection 


Full text of a paper recommended for publication by the A.I.E.E. committee on 
transportation and scheduled for discussion at the A.I.E.E. winter convention, 
New York, N. Y., Jan. 23-26, 1934. Manuscript submitted Oct. 9, 1933; 
released for publication Dec. 1, 1933. Not published in pamphlet form. 
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PANTOGRAPH PRESSURES 


The ability of a pantograph to maintain pressure 
against the contact wires of the overhead catenary 
system on which it operates, at high speeds of opera- 
tion, with variations in the space between the car or 
locomotive roof on which it is mounted and the 
contact wires, depends directly on the pressure it 
can exert against the contact wires and inversely 
on the friction and the inertia of the moving parts. 
The pressure is limited by 2 main considerations: 
danger of entanglements with the wires of the over- 
head system, and danger of excessive wear on the 
contact wires. In general the lighter the contact 
system, the lower must be the pantograph pressure 


a3 


Fig. 1. Line dia- 
gram of pantograph 


for safe operation. It has been found that the 
maximum normal pressures that can be used safely 
are about 18 lb for a single-shoe pantograph and 35 Ib 
for a double-shoe pantograph. These are the pres- 
sures required to lower the pantograph slowly. 
Since the pantograph pressure is limited by the 
contact system on which it will operate, the only 
way of improving the operating characteristics 
is by reducing the friction and the inertia of the 
moving parts. 

On modern pantographs for high speed operation 
where roller main bearings are used, friction has 
been reduced to 5 or 6 per cent of the total pressure 
in the case of double-shoe pantographs. There is 
some possibility of reducing this still more, but the 
reduction would be small and so far has not been 
found necessary. Friction adds to the force neces- 
sary to lower a pantograph and reduces the pressure 
against the contact wires when the pantograph is 
rising. 

The inertia of a pantograph depends on the 
weight and arrangement of its moving parts, and 
also varies with the position of the pantograph. The 
several moving parts have varying influence on it: 
The shoe, which is directly in contact with the over- 
head system and which must follow all variations 
in the height of the contact wires to remain in con- 
tact with them, has the most. The upper frame, 
which supports the shoe at its apex, does not have 
to move its entire mass quite as fast as the shoe, 
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particularly in the lower range of operation, and 
thus has less influence on the inertia. The lower 
frame has still less. 

It is possible to determine an equivalent weight 
for any position of the pantograph, which, if placed 
at the contact wire, would have the same inertia 
as the pantograph itself. This equivalent weight 
can be used to calculate the acceleration, or the 
force at the apex of the pantograph necessary to 
accelerate the pantograph, in a vertical direction. 
The ability of a pantograph to follow the contact 
wire at high operating speeds depends inversely on 
this equivalent weight. It varies with the height 
of the pantograph, increasing rapidly as the maxi- 
mum height is approached. The formula for deter- 
mining the equivalent weight is obtained by assum- 
ing that a force acts on the apex of a pantograph 
through a small distance; from an energy equation 
the velocity of the apex is found, taking into account 
the energy of each moving part due to the linear 
motion of its center of gravity and its energy due to 
rotation; then a weight is found which if acted on 
by this same force through the same distance would 
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Fig. 2. Equivalent weights of pantographs A, B, 


and C 


obtain the same velocity. This weight is the equiva- 
lent weight. The formula is 


9@2 2 2 
W.= w3 + We ee + WW 2 
where 
W. = the equivalent weight : 
w3; = weight of shoe (or shoes) and supporting mechanism 
w, = weight of one-half upper frame 
w, = weight of one-half lower frame 


l length of the lower frame 
a, b, and ¢ are as shown in Fig. 1 


A high contact wire is desirable from the stand- 
point of safety to trainmen, but it makes the problem 
of designing a pantograph for high speed opera- 
tion more difficult. A high contact wire requires a 
long range pantograph operated near its upper 
limit, as there is no extensive electrification without 
low bridges or tunnels which set the lower limit of 
operation. The pantograph also must have a low 
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collapsed height, as there is usually little space be- 
tween the top of the locomotive or car and the 
minimum height of the contact wire. A pantograph 
does not accelerate as rapidly near its upper limit 
as can be seen from the equivalent weight and 
acceleration curves given later. It is also difficult 
to maintain the full pressure near the maximum 
height of operation. 


Table I—Data for 3 Typical Pantographs (See Fig. 1) 


Operat- 
Total No. ing 
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Some data on 3 typical pantographs which will 
be studied are given in Table I. Figure 2 gives the 
equivalent weights of these 3 pantographs calculated 
by the preceding formula. The heights are given 
above the center of the main shafts, and the maxi- 
mum and minimum operating heights are indicated. 

From these equivalent weights and the panto- 
graph pressure the free vertical acceleration of the 
pantograph can be calculated starting from any 
given operating height. The free acceleration is 
obtained when all of the available spring force is 
used to accelerate the pantograph upward, with no 
resistance except the inertia of the pantograph itself. 
The equivalent weight also can be used to calculate 
the added force necessary to lower the pantograph 
at given rates of acceleration. 

When there is any slope to the overhead wires 
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Fig. 3. Pantograph accelerations vs. pantograph 
height 


which forces the pantograph downward, the pres- 
sure on the contact wires is increased by the amount 
of force necessary to accelerate the pantograph. 
When the slope permits an upward movement the 
pressure on the contact wires is reduced by the 
amount necessary to accelerate the pantograph 
upward. At slow operating speeds these varia- 
tions are not great; but as the speed of the car or 
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locomotive is increased, a large part of the panto- 
graph pressure may be used accelerating the moving 
parts, or the pressure on the contact system may 
be increased to a point where excessive wear occurs. 
Where the pressure is decreased, it may become so 
low that arcing occurs which also will cause excessive 
deterioration of the contact wire. There is a cer- 
tain limited range of pressure where the maximum 
life of the pantograph wearing strips and contact 
wire is obtained. For pressures lower than this the 
wear increases, and for higher pressures the wear also 
increases. 

The curves in Fig. 3 have been drawn to show how 
the 3 pantographs being studied will accelerate at 
various operating heights. These curves are based 
upon the assumption that all of the available pres- 
sure is used to accelerate the pantographs. In 
Fig. 4 the curves have been changed to show the 
possible acceleration at any given percentage of the 
maximum operating height. The flatness of the 
curve for pantograph A is due to its short operating 
range compared with the other 2 pantographs. 
Oscillograph tests made several years ago on panto- 
graph A indicate that the actual curve is even flatter 
than the calculated one. The calculated values 
check the test values very closely near the upper 
part of the operating range, but in the lower part 
the test values are somewhat less than the calculated 
values. 

In Fig. 5 curves have been plotted showing the 
rise of pantograph B (in feet) for time intervals 
from 0 to 1.4 sec for 3 different operating heights. 
They show the rate of rise starting from these heights 
with all available pressure being utilized to produce 
the rise. The norma! operating height with a 24-ft 
contact wire has been indicated on the curves. 

In Fig. 6 the vertical rise of pantograph B in inches 
is plotted against its horizontal movement in feet for 
various speeds of travel. These curves are based 
upon the rates of acceleration obtained near the 
normal operating height and all of the pressure 
being used to produce the rise. At 100 mph the 
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Fig. 4. Pantograph accelerations vs. per cent oper- 
ating range 


pantograph can rise 1 in. in 15 ft, 3 in. in 29 ft, and 
12 in. in 62 ft of horizontal travel. If the panto- 
graph is being forced down, the pressure between 
the shoe and the contact wires will be doubled if 
forced down at these rates. 
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In order to follow the contact wire better and to 
reduce excessive pressures which might be caused 
by small grades in the contact system, auxiliary 
springs are introduced between the pantograph shoe 
and the supporting frames. This reduces the mass 
making small movements and tends to keep the ~ 
pressure of the shoe against the wire more nearly 
constant. In the case of pantograph B each shoe 
weighs 16 lb. The force necessary to accelerate 
these shoes through 1 in. in 0.1 sec (the time for the 
pantograph to travel 15 ft at 100 mph) is only 5 Ib 
per shoe or 10 lb for the 2 shoes, while 31 Ib would 
be required if the entire frame moved the same dis- 
tance in the same time. Pantograph B has a pres- 
sure of 31 lb going up and 35 lb coming down through- 
out most of its operating range; the friction is 2 Ib. 
If there is a rise of 1 in. in the contact system and the 
springs are effective, the pressure on the contact 
wires would be 21 lb for a speed of 100 mph; if 
there was a fall of 1 in. the pressure on the contact 
wires would be 45 lb. 

In this connection it should be noted that these 
auxiliary springs are not always effective. Each 
end of the shoe is supported independently and the 
movement of the shoe is limited to about 2 in. 
When the contact wire is at the center of the shoe 
the pressure is transmitted equally through each 
shoe supporting spring. When the contact wire 
is near the end of the shoe practically all of the 
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pressure is transmitted through one spring. If the 
shoe springs are adjusted so that they come into 
play with the contact wire at the center of the shoe, 
then they will be solid and ineffective in cushioning 
downward movements when the wire is at one end 
of the shoe. If a stiffer spring be used it will not be 
useful in following rises in the contact wire with the 
wire at the center of the shoe, but will follow rises 
with the wire at the end of the shoe and will act as a 
cushion where the slope of the contact system is 
downward. 

Where high operating speeds are to be used, it is 
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necessary to depend on the contact system for a 
flexible path that will not require too rapid accelera- 
tions of the pantograph shoe; great care must be 
used in designing the contact system, and a panto- 
graph designed especially for high speed operation 
should be used. Particular care must be used in 
designing the contact system at approaches and 
exits from low bridges and tunnels where changes in 
grade are large, and where clearances require a 
fairly rigid construction under the bridge or tunnel 
changing to the more flexible regular construction 
outside. 

The normal catenary construction should be made 
as flexible as possible at the support so as not to 
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Fig. 6. Upward path of pantograph B vs. horizontal 
travel 


require such a rapid change in direction that the 
pantograph might not be able to follow the contact 
wire. In the span the pressure of the pantograph 
reduces the load on the messenger causing it to lift 
the contact wire. The rise is maximum at the center 
of the span. At the support the pantograph pressure 
lifts the wire very little so that as the pantograph 
moves from span to span it rises and falls in each 
span. 

Suppose the pantograph has a horizontal speed of 
150 ft per second (approximately 100 mph) and 
that it is moving along a section of track having 300- 
ft spans that permit the pantograph to rise 1 ft 
higher in the center of the span than at the support 
(see Fig. 7). In 1 sec the pantograph will rise 1 ft; 
in the next it will be forced down 1 ft. If the 
acceleration up and down is constant, the average 
vertical velocity will be 1 ft per second and the 
maximum 2 ft per second. The maximum velocity 
will occur at the quarter points in the span. If the 
acceleration gives a velocity of 2 ft per second in the 
time it takes the pantograph to travel over a quarter 
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of the span (1/, sec) then the rate of acceleration 
is 4 ft per second per second. The acceleration 
and velocity are both upward in the first quarter of 
the span. The velocity changes from zero at the 
support to the maximum of 2 ft per second at the 
end of the quarter span. In the second quartex 
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Fig. 7. Variation in pressure, acceleration, and 
velocity of pantograph B at a speed of 150 ft per sec 
over a typical 300-ft span 


of the span the velocity is still upward, but the 
acceleration is downward which changes the velocity 
to zero at the center of the span. In the third 
quarter the acceleration and the velocity are both 
downward with the velocity reaching a maximum 
at the end of the quarter. In the fourth quarter the 
acceleration changes to upward while the velocity 
continues downward and reaches zero at the end of 
the span. Pantograph B with a pressure of 31 Ib 
going up has an acceleration of approximately 10 
ft per second per second. An acceleration of 4 ft 
per second per second is required to follow the wire. 
The pantograph pressure on the contact system 
will be decreased by about 121/, lb where the ac- 
celeration is upward, and increased by a like amount 
where the acceleration is downward. In the first 
and last quarters of the span the pantograph will 
have a pressure of about 181/, lb against the contact 
wire while in the second and third quarters the 
pressure will be 471/, lb. This tends to increase 
the uplift at the center of the span and decrease it at 
the support. 

The assumption that the contact wire at the 
center of the span is lifted 1 ft higher than at the 
support in a 300-ft span is not an unusual condi- 
tion nor is it necessarily a maximum condition. 
A single pantograph probably would not have enough 
pressure to lift this amount on most main line 
catenary systems but 3 or more pantographs close 
together, as when double-heading locomotives, could 
do it. Also the same condition can result from 
temperature changes. Any catenary system using 
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a bronze or composite messenger will lift or sag 
more than 1 ft at the center of a 300-ft span when 
extreme temperatures are experienced. With a 
heavy catenary system the sagging at the center 
of the span due to high temperatures will bring 
about a condition where the pantograph will be 
more than 1 ft lower at the center of the span than 
at the support. In this case the pantograph will 
exert a minimum pressure against the wires in the 
central half of the span, and will not lift the wires 
very much because its pressure will be small com- 
pared with the total load carried by the messenger. 


High Frequency 
Induction Furnaces 


In language understandable by the average 
electrical engineer, this paper presents a 
brief outline of the theory of the electric 
induction furnace and of the application 
of that theory to the operating character- 
istics and limitations of such furnaces. 
From a metallurgical standpoint the chief 
advantages associated with the use of 
induction furnaces are: freedom from con- 
tamination of the melt, the high tempera- 
tures obtainable, and the circulation of the 
molten charge by the electromagnetic 
forces within it. The immediate accept- 
ance by the industry of this comparatively 
new melting tool indicates that more 
extensive use of high frequency induced 
heat is to be expected in the future. 


S. MUCH has been written on 
the subject of the high frequency electric induction 
furnace, particularly by Dr. E. F. Northrup, 
Ajax Electrothermic Corporation, Trenton, N. J., 
who may well be called the father of induction fur- 
naces, that little of the original can be claimed for 
the conclusions reached. It is hoped, however, that 
the manner of presentation may appeal to many In- 
stitute members who are not already familiar with 
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With so large a variation in the pantograph 
pressure against the contact wires at high speeds, 
under normal operating conditions any additional 
small irregularities in the contact system may re- 
quire accelerations that would reduce or increase the 
pressure more and result in collection troubles. Tt 
is doubtful if current collection will be satisfactory 
on most present-day catenary systems, even with 
the latest designs of pantographs, at speeds of 100 
mph or more. If speeds of this order are to be 
used, both the catenary system and the pantographs 
will have to be improved and designed for them. 
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ing relationships between the operating characteris- 
tics and the size of the furnace in a very roughly 
approximate form, which may be of interest even 
to those already familiar with the subject. 

An induction furnace is essentially a transformer, 
the secondary of which is the charge of metal to be 
melted. There are 2 principal types. First is the 
core or ring type, in which the charge forms a sec- 
ondary circuit surrounding or ringing the magnetic 
core as in an ordinary power transformer. This 
type, which is adapted to low frequencies, will not 
heat up with a cold scrap charge but must be started 
with a complete or continuous secondary circuit of 
metal consisting of either a cold metal ring or a por- 
tion of the preceding molten charge left in the furnace 
for starting purposes. 

The second type is the coreless furnace consisting 
usually of a helical inductor coil or primary winding 
and a cylindrical or nearly cylindrical crucible of re- 
fractory material concentrically located inside of the 
inductor coil. When supplied with electric power 
at a relatively high frequency this second type of 
furnace will melt easily a charge of cold scrap of any 
size. Even at 60 cycles such a furnace will operate 
satisfactorily except when starting with a cold 
scrap charge. It even will start cold at 60 cycles if 
supplied with a large plug of solid metal in the bot- 
tom of the crucible or hot with 25 or 30 per cent of 
the preceding molten charge left in for starting pur- 
poses. 

The present paper deals entirely with this second 
or coreless type of furnace as applied to the melting 
of steels. 
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The single-phase power required by these furnaces 
is usually supplied by a high frequency alternator 
driven by a polyphase motor. Frequencies vary, 
but in general do not exceed 2,000 cycles per second, 
while 2,000 volts appears to be the present safe upper 
limit of voltage applied to the primary winding. 
In regard to capacities of induction furnaces now in 
use, sizes up to 3,000 lb are common, while one plant 
at present is using a 4-ton furnace; it is believed 
that the future trend undoubtedly will be toward 
larger units. Power consumption varies greatly in 
different plants, but as low as 600 kwhr per ton of 
steel is claimed for large furnaces. 


OUTLINE OF THEORY 


When an alternating current flows through a metal 
conductor the distribution of the current density 
over the section of the conductor is never uniform. 
In the case of an isolated conductor the law of elec- 
tromagnetic induction operates to yield the highest 
current density at the surface. When the fre- 
quency of the current and the permeability of the 
conductor are relatively high and the resistivity rela- 
tively low, the current will be confined largely to a 
thin surface layer or skin. 

Theory shows that in such a case the problem may 
be handled as if the current were distributed uni- 


formly over a skin depth of T = 14 p 

wy yu 
the resistivity of the conductor in absolute cgs 
units, » is its magnetic permeability, f is the 
frequency in cycles per second, and 7 is in centime- 
ters. In this case the effective or equivalent a-c 
resistance of the conductor will be the resistance of 
the skin layer as defined, and its equivalent reactance 
will be equal to its resistance, this reactance being the 
portion due only to the flux within the skin layer and 
not to any flux outside of the conductor. 

The preceding formula applies strictly only to the 
case of the current flowing through a flat plate of in- 
definite extent, but for practical purposes it applies 
with sufficient accuracy to a round conductor the 
diameter of which is large as compared with the 
skin depth; it applies also with sufficient accuracy 
to the cylindrical current flowing around the outer 
wall of the charge in a coreless induction furnace as 
well as to the primary current flowing around the 
inner wall of the inductor helix, although in none of 
these cases is it exact. 

The only reasonably exact theory that can be ap- 
plied to the high frequency coreless furnace is that 
involving Bessell’s functions and even then only 
when the length of the helix is very large as com- 
pared with its diameter. In other words, in a fur- 
nace of normal proportions where the diameter and 
length of the helix are about equal, the end effect is 
large and complicated corrections have to be made in 
order to yield even fairly accurate results. The 
best attempt in this direction is given in a little 
book by C. R. Burch and N. R. Davis entitled An 
Introduction to the Theory of Eddy Current Heat 
published by Ernest Bent, Ltd., London, Eng. 

Several other methods of attack have been em- 
ployed, but the one that seems most suitable for the 


, Where p is 
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average electrical engineer is that which deals with 
the induction furnace in the light of conventional 
power transformer theory with some necessary varia- 
tions. In this outline the charge will be assumed in 
the molten condition since any other condition ren- 
ders the problem too complicated for practical pur- 
poses. 

Although there is no available experimental 
data on the resistivity of molten steel, it will be 
sufficiently accurate to assume this to be 200 
microhm-centimeters, which seems to give satisfac- 
tory results when applied to this problem. The 
magnetic permeability of the molten steel may be 
taken as unity. From these figures and the given 
frequency the equivalent skin depth then is calcu- 
lated. 

Assuming a cylindrical skin layer of current around 
the outer wall of the molten charge of such magnitude 
as to develop the desired amount of power in the 
charge, the resistance of the skin layer having been 
computed from its radial depth, resistivity, and di- 
mensions of the crucible, this current will require 
an induced secondary voltage equal to the current 
times the resistance times VW 2, since the reactance 
is equal to the resistance. This secondary induced 
voltage must be produced by the vertical flux 
linking with the skin layer and passing through the 
cylindrical space within this layer. Its density 
then can be computed by the well-known formula. 
The exciting current can be computed by the 
familiar method, account being taken of the end or 
outside reluctance. 

This gives the foundation for the equivalent trans- 
former diagram, namely, the secondary voltage, the 
secondary current lagging 45° behind the voltage, 
and the exciting current 90° ahead of the voltage. 
From these 2 currents primary ampere turns may be 
computed. 

Next compute the skin depth and resistance of the 
primary circuit reduced to a one-turn basis. Then 
compute the leakage reactance voltage of the primary 
due to the flux produced by the primary ampere 
turns, and passing through the annular cylindrical 
space between the primary and secondary current 
sheets. In making this calculation the end effect 
also must be considered. The primary voltage 
per turn then will be the sum of 3 components: (1) 
the voltage balancing that induced by the working 
flux which passes inside of the secondary current 
sheet; (2) the ohmic drop in the primary; and (3) 
the reactance drop in the primary. This will give 
the volts per turn from which the necessary number 
of turns can be computed according to the chosen 
supply voltage. 

The copper loss, electrical efficiency, and power 
factor then may be computed by well-known 
methods. 

This method of procedure makes no claim to 
theoretical rigidity but results check with experimen- 
tal tests closely enough for all practical purposes. 

The purpose of the outline at this point is chiefly 
to make more intelligible the discussion of the several 
vital factors given in subsequent portions of this 
paper by outlining the language to be employed. 
In an appendix a brief algebraic analysis of the gen- 
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eral problem of design based upon this outline of 
theory is given. 


SINGLE-PHASE VERSUS POLYPHASE FURNACES 


The foregoing outline assumes a single-phase sup- 
ply. Although many attempts have been made to 
design polyphase coreless induction furnaces, several 
fundamental considerations make them undesirable. 
As far as the authors are aware, no successful poly- 
phase high frequency coreless furnace is in operation 
today. Therefore, it will be assumed that hereinaf- 
ter this paper deals only with single-phase furnaces. 


GENERATING EQUIPMENT 


It will be assumed in this connection that the 
equipment in question is for a relatively high fre- 
quency, say approximately 1,000 cycles per second, 
since this frequency has become almost standard for 
this type of furnace in sizes employed for melting 
steel. The only dependable commercial supply at 
this frequency is the single-phase alternator usually 
driven by a polyphase synchronous motor although, 
of course, it would be possible to drive such an al- 
ternator either from a high speed steam engine or 
from a steam turbine. 

For frequencies much higher than 1,000 cycles per 
second the inductor type of generator probably 
would be more satisfactory, everything considered, 
but it is very difficult to say at just what frequency 
this advantage would be realized. For very much 
higher frequencies individual furnaces of laboratory 
size with mercury gap oscillators often are employed. 
Small furnace units also have been made using elec- 
tronic rectifier and inverter tubes for the generation 
of high frequency currents, but as yet this method 
has not been developed to a point of commercial 
practicability. 

Since the power factor of this type of furnace is in- 
herently low, ordinarily not much higher than 10 
per cent, it is obvious that the capacity of a high fre- 
quency alternator to supply an induction furnace 
direct would be enormous—in fact, prohibitive. 
It is customary, therefore, to use capacitors to supply 
the large quadrature lagging current required by the 
furnace. The actual cost of these capacitors at 1,000 
cycles is a small fraction of the additional cost that 
would be involved if the generator had to supply this 
lagging current direct. This relatively low capaci- 
tor cost is due, of course, to the high frequency; 
at 1,000 cycles it amounts to about $1.50 per kva, 
whereas at 60 cycles it is more nearly $20 per kva. 

Thus, the generating or supply equipment con- 
sists ordinarily of a single-phase high-frequency al- 
ternator driven by a polyphase synchronous motor 
with a bank of capacitors adjustable by relatively 
small steps and connected in parallel with the fur- 
nace coil. 


FREQUENCY 
Although the factors involved in the choice of fre- 


quency are numerous, it will be sufficient here to dis- 
cuss only those of major significance. Consider 
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first the furnace itself in the light of the brief outline 
of theory already given. Assuming a certain power 
delivered to the charge of a given furnace, the resist- 
ance of the cylindrical skin layer of the charge will 
be proportional to the square root of the frequency, 
and the current inversely proportional to the square 
root of this resistance. Thus the current will be 
inversely proportional to the fourth root of the fre- 
quency and, therefore, will vary only slightly for 
moderate changes of frequency. Similarly, the in- 
duced voltage in the secondary or charge circuit will 
be directly proportional to the fourth root of the 
frequency and, therefore, nearly constant for moder- 
ate changes of frequency. 

The flux density inside of the secondary current 
sheet will vary inversely as the frequency, and the 
exciting current likewise will be inverse to the fre- 
quency. In other words, for a high frequency the 
secondary current will be slightly smaller, the sec- 
ondary induced voltage slightly larger, and the excit- 
ing current considerably smaller than for a low 
frequency; for moderate changes of frequency, the 
primary ampere turns will vary only slightly with 
the frequency, since the primary current is the vector 
sum of the exciting current and the negative of the 
load current. | 

If, however, the variation of frequency under con- 
sideration is a large one, for instance a jump from 
960 cycles to 60 cycles, the secondary current at 60 
cycles will be just double that at 960 cycles and the 
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3,000-Ib tilting type coreless induction furnace at 

the plant of The Babcock & Wilcox Company, 
Barberton, Ohio 


Pouring a heat of stainless steel from a 


resistance 1/, so that the induced voltage will be 
‘/, and the exciting ampere turns 8 times as great; 
thus the total primary ampere turns will be more 
than twice as great for 60 cycles as for 960 cycles. 
However, since the copper skin depth at 60 cycles is 
4 times as great, the resistance loss in the primary 
coil will be only slightly greater than at 960 cycles 
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by an amount depending upon the relative magnitude 
of the exciting current, that is, in its relation to the 
magnitude of the working or load current. 

The other factor involved is the leakage reactance 
voltage of the primary winding. The total leakage 
flux will be proportional to the primary ampere 
turns which for 60 cycles will be somewhat more than 
double that for 960 cycles; but since the frequency 
in the latter case is 16 times that in the former, the 
reactance voltage at 960 cycles will be about 6 or 7 
times as great. Thus, the power factor of the 60- 
cycle furnace is considerably higher than that of 
the 960-cycle furnace—in fact, more than double for 
_ furnaces of the same size and proportions. 

To sum up, the low frequency furnace will have 
larger copper loss, lower efficiency, and higher power 
factor than the high frequency furnace. 

Consider next the influence of frequency on the 
generating equipment and its first cost. Although 
the lower frequency means higher power factor and a 
somewhat smaller quadrature lagging current, it 
also means larger capacitors. In fact, the cost of 
_ the capacitors for complete neutralization or unity 
power factor on the generator, decreases with in- 
crease of frequency about proportionally to the ”/; 
power of the frequency. The cost of the generator 
itself, however, increases rapidly with increase of 
frequency, particularly when the frequency exceeds 
400 or 500 cycles, and very rapidly when it exceeds 
1,000 cycles. As it can be assumed that moderate 
changes in frequency do not seriously affect the 
furnace itself, it is obvious that there will be an op- 
timum frequency from the standpoint of the first 
cost of the generating equipment, and that this opti- 
mum frequency will vary with the unit cost of the 
capacitors as well as with the unit cost of the genera- 
tors. 

It has been pretty fairly established that this op- 
timum frequency for relatively large furnaces is 
about 1,000 cycles per second. © 


VOLTAGE 


For furnaces of large size such as those under con- 
sideration, a high voltage is desirable in order to 
reduce the size of bus bars and other leads as well 
as to reduce the corresponding copper loss. At the 
same time, the necessity for some exposed conductors 
as well as the limitations in the insulation of the 
furnace coil itself make it necessary to keep the volt- 
age within limits. Most of the plants of this 
type are operating with voltages of the order of 1,000 
volts, but one of the largest plants in the country has 
been operating for several years at 2,000 volts with- 
out experiencing any trouble on this score. This is 
probably the safe upper limit. 


PRIMARY OR INDUCTOR COIL 


Already it has been explained that within the 
frequencies under consideration (excluding the ex- 
treme 60-cycle case) the number of ampere turns on 
the primary or inductor coil is practically inde- 
pendent of frequency, other things being equal. 
These primary ampere turns may be considered as a 
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single current sheet flowing in the cylindrical skin 
wall of the primary helix, the radial depth of which 
skin is fixed by the frequency. It is thus obvious 
that the primary copper loss within the frequency 
range under consideration also is fixed. As a matter 
of fact, while the ampere turns increase slightly with 
decreasing frequency, skin depth also increases al- 
though to a less extent, and the copper loss is more 
nearly constant than the total ampere turns. This 
statement holds true regardless of the voltage and 
the number of turns, except insofar as the higher 
voltage and larger number of turns involve a corre- 
sponding increase in the total vertical height of the 
insulation between turns thereby reducing the ef- 
fective vertical height of the skin section through 
which the total current flows. This difference is 
small within the range of voltage considered. 

Because this practically fixed copper loss is rela- 
tively high, it has been found very difficult to 
keep the temperature of the primary coils within 
reasonable limits by any other method than that 
commonly employed, namely, water cooling. The 
conductor is made in tubular form, sometimes cir- 
cular and sometiines rectangular, and is wound as a 
simple helix with water circulating through the con- 
ductor. 

In furnaces of the sizes under consideration, ex- 
cluding the 60-cycle furnace, and with voltages as 
previously indicated, the number of turns is rela- 
tively small, say from 10 to 20, and the coil is wound 
in a single layer. As the skin depth in copper at 
1,000 cycles is approximately 0.1 in., it is obviously 
useless to make the tube wall much thicker than that 
except for mechanical reasons. 

This type of coil is practically universally used in 
high frequency coreless induction furnaces of the 
sizes under consideration. However, complete cal- 
culations have been made looking toward the pos- 
sibility of employing what may be called a “band 
wound” coil in which each conductor consists of a 
thin sheet of copper with a width equal to the full 
vertical height of the coil, and the several turns 
wound concentrically one over the other with a thin 
layer of refractory insulation between them. In this 
case the distribution of current across the radial 
thickness of each conductor will differ materially 
according to the location of the conductor from the 
inside to the outside, and this difference may be so 
great as to produce a total copper loss even. greater 
than that of the simple helical coil although the 
apparent skin section is increased enormously. In 
other words, the ordinary skin depth approximation 
no longer holds; in fact, in some of the turns current 
will be flowing in opposite directions on the 2 sides 
of the same sheet or band. Moreover, there will be 
an uneven vertical distribution of current in the in- 
dividual sheets. For each number of turns there 
will be an optimum thickness of sheet, and it is 
possible to design such a coil for say 1,000 cycles 
that will have a copper loss approximately half that 
of the conventional helical coil; but as it is prac- 
tically impossible to water-cool a coil of this kind, 
and as air cooling makes necessary vertical annular 
spaces between the individual turns or groups of 
turns of the coil—an arrangement involving consider- 
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able structural complications and expense, it has 
not as yet been developed into a commercially 
satisfactory design. 


SHIELDING 


One of the practical difficulties in the design of 
this type of furnace arises from the fact that the rela- 
tively powerful high frequency magnetic field 
throughout the region of the furnace structure causes 
induced parasitic currents in any metal parts of that 
structure. Therefore, it has been necessary to re- 
duce these metal parts to a minimum and to design 
them so as to reduce parasitic currents in the indi- 
vidual parts. At best the losses in these parts are 
appreciable although probably not more than 1 per 
cent or possibly 2 per cent. 

In order that a substantial external steel support- 
ing frame may be used without incurring excessive 
losses, it is possible to shield the frame from any 
considerable stray field by employing a closed copper 
tertiary or shield circuit inside of the frame, this 
circuit consisting of a thin copper cylinder con- 
centric with the inductor coil, but far enough out- 
side of it to permit the total magnetic flux of the 
furnace to pass between the inductor coil and the 
shield without the necessity for any excessive shield- 
ing current. 

The magnitude of this shielding current can be 
computed easily from the furnace design since its 
magnetomotive force for perfect shielding will be 
equal to the drop of magnetic potential due to the 
total flux as it passes through the annular space 
between the inductor coil and the shield. It is thus 
obvious that the larger the diameter of the shield 
for a given sized inductor, the lower will be the flux 
density in this annular space and the less the shield- 
ing current. Moreover, since the shield current will 
be confined to the same skin depth as that of the 
current in the main coil, there can be no gain by mak- 
ing this shield thick. If the shield is of insufficient 
diameter the shield copper loss may be more than 
the parasitic losses that are eliminated. As a 
matter of fact, such a shield is practically useless 
from the standpoint of efficiency unless its diameter 
is considerably larger than is permissible on the or- 
dinary furnace. Moreover, in such a case, while the 
outside steel structure may be completely shielded 
it cannot carry the inner structure without some sup- 
porting connection, and it is practically impossible to 
provide such a supporting connection without metal 
parts within the region of the main magnetic field, 
particularly on the top of the structure. 

In lieu of a complete cylindrical shield such as 
described, flat copper plates sometimes have been em- 
ployed on the 4 sides of a square frame. While this 
arrangement is claimed to be fairly satisfactory, no 
quantitative evidence is available. 

If the full thickness of a thick copper shield could 
be employed for current conduction, the shield prob- 
lem would be a fairly simple one. It would be 
possible, of course, to employ a multiple layer band 
shield, such as described for the primary ‘band 
wound”’ coil, with the outer and inner ends connected 
by stranded conductors passing through holes in the 
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several layers. If properly designed such a shield 
would reduce the shield loss considerably, but its 
complications involve considerable expense and this 
expense hardly is warranted by the power saved. 
It is thus unlikely that any of the shielding schemes 
thus far proposed result in any considerable saving 
in the structural losses. 


MAGNETIC YOKES 


In order to reduce the reluctance of the return 
path, experiments have been made with magnetic 
yokes consisting of vertical stacks of laminated 
steel just outside of the inductor coil, running down- 
ward from the top of the coil and underneath the 
bottom of the furnace until they come together. 
These yokes improve the power factor by reducing 
the exciting current; but since in high frequency 
furnaces the exciting current represents a relatively 
small part of the total reactive kilovoltamperes, 
and since the reluctance of the return magnetic 
circuit is a small part of the total, the gain is very 
small. Moreover, since such yokes also reduce the 
reluctance of the return part of the leakage path 
they increase the leakage reactance of the primary 
coil enough practically to balance the gain in exciting 
current; thus, for high frequency furnaces the in- 
creased cost and structural complications are not 
warranted by the doubtful gain in power factor. 

In the 60-cycle furnace, however, where the excit- 
ing current is many times larger and the leakage 
reactance small, considerable improvement in the ~ 
power factor is possible and such yokes are at present 
in successful operation on at least one 60-cycle fur- 
nace. It is interesting to note that in this case the 
yoke provides the opportunity for using a copper 
shield of much smaller diameter than is possible 
without the yoke; the 60-cycle furnace referred 
to has such a shield in successful operation with a 
very substantial steel frame surrounding it. The 
structural strength of such a furnace is excellent. 
(See Fig. 3.) 


POWER FACTOR 


Power factor of an induction furnace of any given 
frequency depends largely upon the ratio of the 
inner diameter of the primary coil and the outer 
diameter of the charge. Unfortunately, the neces- 
sity for a considerable radial depth of a refractory 
lining within this space makes the power factor of 
such furnaces very low. For example, at 1,000 
cycles it will vary from 10 to 12 per cent within the 
size range under consideration, although it is pos- 
sible to increase these values considerably by em- 
ploying a thinner lining. This, however, would 
increase greatly the risk of a run-out, which is an 
expensive procedure particularly 1f the molten metal 
damages the inductor coil. 

During actual operation the lining varies consider- 
ably in radial depth because of its erosion. When 
this erosion reduces the thickness to a danger point 
it is reinforced on the inside to its maximum thick- 
ness. Thus the power factor will vary from maxi- 
mum to minimum with lining wear and the maxi- 
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mum often will exceed considerably the values given 
in the preceding paragraph. 


ELECTRICAL ASPECTS OF MELTING A CHARGE 


When starting cold the initial secondary heating 
currents are induced in the individual pieces of 
scrap, since the resistance at the contacts between 
the several pieces is sufficient to prevent any con- 
siderable circuital currents around the charge as a 
whole. At low frequencies, say 60 cycles, it is 
practically impossible to get a magnetic field strong 
enough to generate the necessary currents in in- 
dividual pieces of a charge unless these pieces are 
unusually large, even though the cold permeability of 
the steel may be very high. At the higher fre- 
quencies no such difficulty arises, although even with 
these higher frequencies it is not ordinarily possible 
to deliver as much power to the cold charge with the 
same voltage impressed upon the primary coil as 
will be absorbed when the charge is in the molten 
condition. On this account it is usually necessary 
during the starting period to increase the primary 


Fig. 2. Tapping a heat of stainless steel from a 
3,000-Ib stationary coreless induction furnace with 


bottom tap-hole. Compare the size of this furnace 
with that shown in Fig. 1, and note rugged appear- 
ance of stationary furnace 


volts per turn. This makes necessary the provision 
of 1 or more, usually 2, additional taps on the 
primary coil with the necessary switches, preferably 
on the switchboard itself for the convenience of the 
operator. These taps usually are connected to one 
of the generator leads. Thus, the furnace coil acts 
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as a step-up autotransformer to increase the voltage 
at the inductor terminals and hence across the capaci- 
tors which are connected in parallel with the induc- 
tor. 

It is fairly obvious that during the starting period 
when the permeability of the steel is high, the excit- 
ing current will be reduced considerably, the power 
factor increased, and a smaller number of capacitors 
required. In other words, the number of capaci- 
tors required for complete neutralization will vary 
considerably from the cold starting to the finish of the 
heat; the maximum change takes place when the 
temperature of the metal passes the recalescence 
point and its permeability drops to unity. How- 
ever, this change does not take place in all the metal 
at the same time so that the change of power factor 
as a whole is fairly gradual. 

It is also obvious in this connection that the cold 
starting power absorbed will depend not only upon 
the size of the pieces of scrap but also to some degree 
upon the total amount of metal in the initial charge, 
which with odd shaped scrap may be less than 1/3 of 
the final charge. It is thus possible with badly 
shaped scrap that the initial power in starting may 
be low even when the lowest tap is employed on the 
primary coil. 

Electromagnetic reactions within the molten 
charge of the coreless induction furnace are such as to 
cause a stirring or boiling of the metal which increases 
at low frequency, since in that case both the sec- 
ondary current and the magnetic field within the bath 
are larger, the same power being assumed. It is 
obvious that at any given frequency the amount of 
stirring would be approximately proportional to the 
square of the power delivered. The charge circulates 
in 2 distinct zones, 1 in the upper and 1 in the lower 
half of the furnace. 

Although it would be entirely possible to supply 
sufficient power to a furnace of this type to complete 
the melting in less than one hour, there are some ob- 
jections to rapid melting. When a heat is started 
at a high rate, portions of the metal quickly become 
molten and run to the bottom of the crucible. Be- 
cause this molten layer receives more power than any 
similar quantity of the unmelted scrap it becomes 
superheated, boils violently, oxidizes readily, and 
causes serious erosion in the bottom of the furnace. 
Moreover, a solid lump of steel in the middle of this 
molten metal receives less power than it would be- 
fore the molten metal was present, because it is 
shielded by the circular current around the wall of 
molten pool. Thus it receives heat mostly by con- 
duction and melts rather slowly, while the metal 
surrounding it is superheated. Obviously, then, 
there is a limit to the melting time below which it is 
undesirable to go. On the other hand, the total 
heat leak obviously increases with the time of 
heating since the average temperature throughout 
the melting period is nearly constant. Thus we 
find again the necessity for some compromise or 
happy medium in the melting period, and a little 
consideration will indicate that the larger the fur- 
nace the longer should be the melting period. 
For small furnaces, of say 500-lb capacity, this 
period may be as short as 1 hour; but as the size 
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increases, it is desirable to increase the melting 
period to 2 or 3 hours. 


Size LIMITS 


Although no experience has been had with furnaces 
of this type which indicated any difficulty on the 
score of size, the following considerations would in- 
dicate a difficulty that might arise in furnaces of 
large diameter. 

Since the total charge of a furnace of this type 
never can be held by the crucible in cold scrap form, 
it is necessary to keep feeding in scrap as the melt 
proceeds. Imagine a large piece of this cold scrap 
dropped into the center of the molten pool. As this 
piece would receive heat almost solely by conduction 
as already indicated, it might take so long in melting 
that the molten pool surrounding it would be super- 
heated for a considerable period before the cold piece 
was thoroughly melted. This could be prevented, 
of course, by slowing down the heat and lengthening 
the melting period; it is for this reason that large 
furnaces must have a longer melting period. It is 
thus conceivable that a diameter may be reached 
which corresponds to a melting period too long for 
commercial efficiency. However, this limit has not 
been reached yet and experience alone can tell what 
the maximum diameter of the crucible may be; 
it is, of course, possible that no such limit will be 
reached on this particular score. 

The influence of size and diameter upon several 
other operating characteristics and factors of in- 
terest is considered more quantitatively in an appen- 
dix. 


LININGS 


For lining small induction furnaces, users prefer a 
one-piece crucible with heat insulation between 
crucible and coil. This type of lining, however, is 
very expensive for large furnaces, and several 
methods for installing built-in linings have been de- 
vised with varying degrees of success. The patented 
Rohn process produces a fritted lining by fritting 
a tamped refractory which has been placed between 
the coil and a steel sleeve. A modification of this 
method uses an asbestos sleeve in place of the steel 
sleeve. In both methods the steel sleeve or asbestos 
sleeve is fused away during the first heat. A third 
type of lining used extensively consists of a bonded 
refractory rammed in the furnace without the use of 
a sleeve. Fritted magnesite, acid ganister, or quartz 
linings may be produced by these methods. 

Linings may be acid, basic, or neutral, magnesite 
commonly being used for a basic lining, zircon for a 
neutral lining, and ganister or a silica sand for an 
acid lining. Excellent results have been obtained 
using very pure silica sand of suitable grain size 
mixed with 15 per cent silica flour and moistened to a 
ramming consistency with a silicate of soda solution. 

The life of the lining depends upon numerous fac- 
tors. A highly refractory basic lining of sintered 
magnesite probably will give longest life if the lining 
can be handled so that cracks do not develop from 
sudden thermal strains. Magnesite linings may 
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crack also due to bridging of the charge during melt- 
ing with resultant heating of the metal below the 
bridge, or due to large pieces of scrap expanding. 
Magnesite linings do not flux appreciably. The aver- 
age life of magnesite linings in 400- and 600-lb furnaces 
is 30 to 35 heats in the melting of stainless alloys. 
Neutral zircon linings have not been found generally 
satisfactory within the somewhat limited experience 
of the authors with this type of refractory. The | 
ganister or silica sand lining is not as refractory as the 
magnesite or zircon linings, but will stand tempera- 
tures up to 3,000-deg F for short holding periods, 
and this limiting temperature is sufficiently high 
for most steel foundry melting. Acid linings do not 
crack readily, but wear away gradually by fluxing. 
With proper handling the acid or silica sand lining 
will give more than 100 heats of miscellaneous alloy 
melting before a complete new lining has to be in- 
stalled. The bottom half of the lining usually re- 
quires patching after 10 or 15 heats because of the 
more severe erosion in that zone. Acid linings have 
a decided cost advantage over basic magnesite or 
neutral zircon linings, ganister being approximately 
$18 per ton as compared with $100 to $240 per ton 
for magnesite and zircon. 

The question of correct grading of the dry refrac- 
tory material is very important in securing satisfac- 
tory lining life, this subject being covered in a paper 
“Refractory Materials for the Induction Furnace’’ 
by J. H. Chesters and W. J. Rees. The refractory 
problem in the high frequency furnace has been 
one of the hardest problems to solve in the de- 
velopment of this furnace because of the high tem- 
perature gradient within the lining and because of 
the terrific thermal stresses set up during the tapping 
of a heat. 


METALLURGICAL CONSIDERATIONS 


The most interesting and important metallurgical 
features of the induction furnace are: 


1, Freedom from contamination of the melt by reason of the 
absence of products of the heating process. enh 


2. The high temperatures attainable. 


3. The circulation of the molten charge due to electromagnetic 
forces within the bath. 


All other characteristics of induction furnace melt- 
ing, such as rapidity of melting, are subsidiary, and 
the field of application of the induction furnace has 
been governed largely by these 3 characteristics. 
The first 2 characteristics have resulted in the 
application of the induction furnace to the production 
of low carbon alloys such as low carbon stainless 
irons and magnetic alloys; to the melting of highly 
refractory melts such as tungsten, molybdenum, co- 
balt, chromium, and alloys thereof; and to the pro- 
duction of tool steels, high nickel alloys, and cor- 
rosion and heat resisting iron-chromium or iron- 
nickel-chromium alloys. Considerable tonnage of 
low carbon stainless iron is produced by remelting 
scrap of corresponding analysis which could not be 
reclaimed conveniently by any other melting process. 
The great flexibility of induction furnaces in chang- 
ing from heat to heat of varying analyses is of de- 
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Fig. 3. Sixty-cycle 1,000-Ib furnace of the shielded 

yoke type at the left. High frequency 1,000-Ib 

furnace at the right; note experimental bottom-tap 
spout on this furnace 

Note the relatively rugged structure of the 60-cycle shielded- 

yoke type of furnace. The 3 control panels are, left to right: 

60-cycle furnace control; motor panel for high frequency 


motor-generator set; furnace control panel for high frequency 
150-kva furnaces 


cided advantage in producing alloys of the fore- 
going types which are melted in comparatively 
small sized heats and usually produced in a large 
variety of compositions. 

Mention already has been made of the effect of 
rapid melting on the behavior of the first pool of 
molten metal formed which rapidly may become 
superheated, resulting in rapid oxidation of the metal 
and in abnormal reactions between the metal and 
the refractory lining. This may be remedied to some 
extent by limiting the rate of heating and by sprin- 
kling the hot but unmelted pieces with slag forming 
material to prevent undue oxidation. The local 
overheating of the first molten metal may be avoided 
also by leaving in the furnace sufficient molten metal 
from the previous heat when the chemical naiures 
of the 2 successive heats are not in conflict. Where 
successive heats of radically different compositions 
are to be melted, it may be necessary to melt an 
intermediate wash heat of low carbon iron to prevent 
contamination of the second melt from the slight 
“skull” left in the furnace from the previous heat. 

Agitation of the metal after complete melting must 
be controlled to prevent boiling up of the molten 
metal through the slag covering with resultant ex- 
posure of the molten metal to the air. This move- 
ment in the low frequency furnace is particularly 
violent as evidenced by a nitrogen content of 0.117 
as compared with a nitrogen content of 0.030 for the 
same type of alloy (18 per cent chromium, 8 per cent 
nickel) melted in a high frequency heat. Fortu- 
nately, movement of the bath can be controlled readily 
within limits by the regulation of the power input. 

The possibility of refinement of molten metal 
under a slag in the induction furnace was recognized 
early, and many papers have been published showing 
the rapid removal of carbon, phosphorus, and sul- 
phur under oxidizing and reducing — slags. The 
elimination of oxygen from steels made in the induc- 
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tion furnace, however, is of much greater impor- 
tance than the elimination of these metalloids, and 
presents great although not unsurmountable dif- 
ficulties. Refinement of a metal under a slag in the 
induction furnace is aided by the agitation of the 
metal and is restricted by the quiescence and low 
temperature of the slag. The low temperature of an 
induction furnace slag could be overcome by supply- 
ing an auxiliary heating unit such as an arc or burner 
just sufficient to maintain the slag at the proper tem- 
perature. This expedient is probably unnecessary, 
however, if slags are employed which have a melting 
point so low as to remain liquid by transfer of the 
heat from the surface of the molten metal bath. 
Regardless of the melting point of the slag, provided 
it is lower than that of the melt, the slag layer at the 
interface of the melt surface and the slag is at the 
same temperature as the metal bath, and therefore is 
molten. Reactions between this slag layer and the 
bath proceed and are aided by the agitation of the 
melt, so that rapid attainment of equilibrium be- 
tween the slag and melt is produced. 

Choice of slag naturally will depend upon whether 
a basic or acid lining is used, and upon the nature of 
the alloy being melted. The use of slag possessing a 
high fluxing power for iron oxide or chromium oxide 
in the case of the corrosion resisting and heat resist- 
ing alloys is favored. Ground sodium silicate sepa- 
rated from the surface of the lining by an outer ring 
of silica is being used with success in furnaces having 
acid linings. Various lime-silica mixtures may be 
used with both acid and basic linings. Small addi- 
tions of fluorspar may be made to the slag. 

Deoxidation of the metal in the furnace is pro- 
duced through the slag, i. e., the deoxidizer in finely 
ground form is mixed intimately with the ground 
materials of the slag makeup. That this procedure 
is quite effective in producing a reducing slag and a 
deoxidized condition of the metal may be shown by 
the control analyses of the slags of a stainless 18 per 
cent chromium, 8 per cent nickel heat made in a 
basic magnesite lined high frequency furnace which 
had ferrous oxide (FeO) contents of 16.01, 4.90, 2.20, 
2.01, and 1.70 per cent in 5 successive slags removed 
during the refining period of 1 hr, 40 min of the heat. 

Basic induction furnace slags have been produced 
with low oxide content. An analysis of a final re- 
fining slag of this type compared with a typical slag 
from a basic electric arc furnace, both on a low car- 
bon stainless steel, is as follows: 


Electric Arc 
Furnace Slag 


Basic Induction 
Furnace Slag 


Silica. Mielaek an avaeane 28.30 31.00 
Limei(Ca®) sana te ee 57.68 56.00 
Iron oxide (FeO)........... 0.28 .. . Undetermined 
Chromium oxide (Cr2O3)... . 0.13 

Manganese oxide (MnO).... O32 Be 3: ree On eee 0.50 
Magnesia (MgO)........... 10.97 eens hae tee DF A, 3.00 
Alumina (AleO3). ..........Undetermined................ 4.00 
FiOrine see ts. ae a CO Oe LEE rss. r chan aire eae 4.00 


The analyses of these slags are approximately the 
same, and refinement of the metals in both fur- 
naces should proceed to the same degree provided 
final establishment of equilibrium between the slag 
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and metal is permitted in each case. Acid slags may 
be worked similarly, the analyses of 4 successive 
slags from a 1,500-Ib heat of 18 per cent chromium, 
8 per cent nickel iron in a ganister lined furnace being 


as follows: 


Slag Slag 
1 2 3 4 

Stitt (GOS an adavebor ce on ome nam tom 40) OA Oo ister at 60.04. .58.01 
eTEN (CAO) iota neenaeielaistarete MOL 7 OO. 27 os 40.50 SEP BAe oo oc 29.04 
Trontoxide(HheO) hate esas ers mee 7 LeS82: 0.87 . 0.30 
Chromium oxide (Cr2Oz).......... TESOe A Soo eer DOO teas 5.10 
Manganese oxide (MnO)......... 1.08. U5 9 Meterreye Delia Sais 
Marnesia (NO) ccc wine. ss Ov46: Ott Fes 0.72 1.02 


The greater deoxidizing ability of the acid-lined 
furnace in melting steel of this composition readily 
is shown by the analyses of the 4 slags in which the 
chromium and manganese contents increase with 
each succeeding slag. On the other hand, the 
ferrous oxide (FeO) content of the slag is reduced with 
each succeeding slag. One of the difficulties of 
working a heat under a slag in an induction furnace 
lies in the considerable erosion of the furnace lining 
around the slag zone. 

The rapid agitation of the metal, which serves in 
hastening reactions between metal and slag and 
thus in refining the melt, produces an accompanying 
disadvantage in attempting to produce steel of low 
sonim content. Slag particles are drawn into the 
melt by the agitation, and it reasonably may be ex- 
pected that the particle size of the entrained slag is 
small and kept smali by the rapid movement of the 
bath. It is well known that the particle size of the 
slag is the most important factor in the elimination 
of slag inclusions, und, unless coalescence of the slag 
particles occurs, the steel produced will show a high 
inclusion count under microscopic examination. 
Due to the rapid agitation generally present in in- 
duction furnace melting, the slag particle size is 
small, the inclusions therefore are not elimininated 
readily, and the induction furnace steels are generally 
somewhat less clean than electric arc furnace 
steels. An inclusion count of several induction 
furnace and arc furnace steels of the same analyses 
show values of 0.13 to 0.53 and 0.087 to 0.13 for the 
area occupied by inclusions in per cent of total area 
of field examined under the microscope for the 2 
types of steel, respectively. That clean induction 
furnace melted steels may be produced is evidenced 
by the values of the inclusion count on the low side 
of the range just given. 

It should be appreciated also that the rate of 
coalescence of the slag particles depends upon the 
chemical nature of the slags. The governing factors 
in the coalescence of inclusions have been described 
by Herty and his co-workers, and a complete study of 
this problem as applied to induction furnace melting 
would be extremely valuable. Some evidence is 
available to show that the slag particles of basic 
furnace induction heats are generally larger than 
those of acid heats, and that basic heats are 
slightly cleaner than acid heats, due probably to 
more rapid coalescence and elimination of the basic 
slag particles as compared with the glassy acid slag 
particles. 
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No difficulty is experienced in melting steel of any 
composition in this type of furnace. No excessive 
loss of the usual alloying elements occurs with the 
exception of the readily oxidizable elements such as 
silicon, manganese, and aluminum, which are present 
only in small quantities in the usual commercial 
steels, and the loss of which can be compensated 
readily by small additions previous to tapping. 
The normal chromium loss in melting 18 per cent 
chromium, 8 per cent nickel irons either from scrap 
or virgin materials is only 0.5 per cent. The type of 
lining will be governed largely by the type of metal 
melted and by the affinities of the elements of the 
melt for oxygen as related to the stability of the 
oxides, magnesite, or silica, of the basic or acid lin- 
ings. Alloys containing appreciable quantities of 
aluminum, vanadium, manganese, and other ele- 
ments of high affinity for oxygen are melted in mag- 
nesite linings to prevent the undue loss that would 
occur in acid lined furnaces. 

In view of the fact that induction furnaces require 
a comparatively short melting period, it is not feasible 
to take samples of a heat prior to tapping for check 
analysis. Induction melting, therefore, requires 
that the analysis of the charge be known exactly, 
and careful handling and sorting of scrap for the 
storage bins is required. Very little trouble has been 
experienced on this score at the plant of The Bab- 
cock & Wilcox Company in spite of the fact that this 
plant regularly produces alloy steels of some 30 
different compositions and a much larger number of 
special alloys. Heat after heat of a given composi- 
tion within a limited range for the individual ele- 
ments may be produced by induction furnace melt- 
ing. Ten successive heats of a 4-6 per cent chro- 
mium, 1/2 per cent molybdenum steel showed but 
slight variations in the amounts of the individual 
elements, the spread of the percentage contents over 
the ten heats being as follows: 


Car bon cease dbo tiet ce Siento ioe Ce ee 0.24 
Manganesey roc ssn he ee ee ee ed Omi 
SUliCome ss idols Sb woe a aaa cc oe 0.15 
Chrome hen catacl o0 hee oth te tau ee tS Nap 0.34 
Molybdenum... “Stk s te eo is ee ee 0.37 


Experience of the authors has been limited to 
furnaces of 3,000-lb maximum capacity. The future 
trend undoubtedly will be to larger melting units; 
one steel plant is using at present a 4-ton furnace, 
and it is expected that the use of these larger units 
will simplify greatly the problems arising from the 
rapid agitation of the molten bath of small induc- 
tion furnaces. With these larger melting units a 
better comparison then may be made between in- 
duction furnace melting and other steel melting proc- 
esses in units of approximately equal tonnage. 


COMMERCIAL Cost COMPARISONS 


The investment cost of high frequency melting 
equipment is roughly 4 times as great as the invest- 
ment cost of arc melting equipment on a comparative 
daily tonnage basis; but this cost alone does not 
give a fair picture. The melting of small heats at 
frequent intervals is often very advantageous in 


ELECTRICAL ENGINEERING 


that the building space required for mold capacity 
is reduced very much; the outlay for ingot molds is 
less, the capacity of handling equipment such as 
overhead cranes and hoists may be reduced con- 
siderably. Also, in ingot production, it is quite 
probable that soaking furnace equipment might not 
be as costly, due to size for induction melting. D. F. 
Campbell claims that the capital cost for a steel- 
works of 6,000 tons per week capacity would be less 
if induction melting equipment were used in place of 
open-hearth furnaces. Moreover, the operating ad- 
vantages would be numerous due to the flexibility 
of the induction equipment. 

Power consumption varies greatly in different 
shops due to variation in steel making practices. 
Many users of induction furnaces claim as low as 
600 kwhr per ton for large furnaces. In general it 
is probably true that arc melting is somewhat less 
costly from a power consumption standpoint but the 
added cost for electrodes more than balances the dif- 
ference. Moreover, the arc furnace load is less de- 
sirable on a demand basis compared with a syn- 
chronous motor driven load for the induction fur- 
nace. The power factor of the load is better and the 
load fluctuations are not as great for the induction 
equipment. 

Based upon an approximate monthly production 
of 200 tons melted in 3,000-Ib and 1,500-lb furnaces 
using a 1,250-kva 960-cycle generator, the cost of 
acid furnace linings at one plant is approximately 
$1.30 per ton. On the same tonnage basis the cost 
of maintenance for the entire melting equipment, ex- 
clusive of furnace linings, is about $0.90 per ton. 


Fig. 4. High frequency motor-generator sets in 
the plant of The Babcock & Wilcox Company, 
Barberton, Ohio 


1,250-kva 960-cycle set in foreground; 150-kva 2,040-cycle 

set in background. Note oil filled condenser tanks an 

magnetic contactors in 2 banks on either side of control 
switchboard 


For smaller melting units or for a smaller tonnage 
these figures, of course, would be higher. © 
Continuity of production with induction melting 
usually is maintained by having a spare furnace on 
hand so that lining repairs may be made without loss 
of time. The cost of a spare unit adds only about 
5 per cent to the original investment. 
The question of metal loss during the melting 
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operation is of minor importance, but over a long 
period of time it might amount to a considerable 
sum. No rigid data on melt loss in induction 
furnaces is available; but it is safe to say that such 
loss is in all probability considerably less than in 
other types of melting equipment. This is because 
the metal is the hottest part of the furnace and, 
moreover, the melting time is usually very much less. 
Hence, less loss by oxidation and through slagging 
operations takes place. 

The immediate acceptance by the industry of this 
comparatively new melting tool indicates that more 
extensive use of high frequency induced heat is to be 
expected. In addition to advances in melting equip- 
ment, future development is likely to reveal new 
economies and uses fer this type of heating in con- 
tinuous furnaces for heat treating and processing of 
steel and other metals. Doctor E. F. Northrup in 
his paper ‘‘Practical Methods for Inductively Heat- 
ing Solids,” presented at a meeting of the Associa- 
tion of Iron and Steel Electrical Engineers in Janu- 
ary 1933, offers some interesting and ingenious 
methods of employing high frequency heating. 

The first commercial installation of high frequency 
melting was a 150-kva unit installed some 7 years 
ago. The development in this short period has been 
rapid, and today 2 generating units of 1,250-kva 
capacity are in operation in 2 large midwestern plants; 
numerous other units of intermediate sizes have 
been installed in plants scattered throughout the 
country. Only time can tell what the future holds 
in store for induction heating. 


Appendix i—Relation of 
Size to Electrical Characteristics 


The purpose of this appendix is to give a rough idea of the rela- 
tionship between the electrical characteristics of the furnace and a 
basic linear dimension, namely, the inner diameter of the crucible. 
To this end, all other dimensions are assumed to bear a constant 
relation to this diameter within the range of sizes considered, namely, 
from 1 to 4 tons capacity. This assumption of constant proportions 
does not accord strictly with design practice, but is close enough 
within the range of sizes under consideration. It is assumed also 
that the frequency in every case is 960 cycles per second. 

In order to reduce the results to their simplest form, it has been 
necessary to make some rather crude approximations. This does 
not involve any appreciable error for the 2-ton size of furnace, the 
error for the limits of the range being given in each case. 

The only result that might seem a little abnormal is in connection 
with the power factor, which is found to vary roughly inversely as 
the diameter. In an actual design the thickness of the refractory 
wall would not increase quite as rapidly as the diameter, which, 
together with some of the approximations made, would tend to 
make the power factor more nearly constant. If, for example, the 
refractory wall were of constant thickness for the different sizes, 
the power factor would be constant, although the omission of the 
approximations would make it even a little larger for the larger 
sizes. With normal designs, the power factor actually would be a 
trifle smaller for the larger sizes. 

In any case, it must be remembered that the approximations 
apply only to the size range mentioned, and cannot be extended 
beyond this range without serious error. Another assumption 
which, although in general rational, is nevertheless not strictly 
according to practice, is that the melting time is proportional to the 
diameter according to a particular numerical ratio. All of these 
assumptions and limitations must be borne in mind when inter- 
preting the results. 

Consider only from 1-ton to 4-ton size range. 
plify otherwise complicated expressions, 


In order to sim- 
assume proportional 
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dimensions. (This assumption, while not strictly according to 
actual designs, is close enough within the range considered ) 


Let 

d = mean outside diameter of charge (inches) ' 

d, <= inside diameter of coil = approximate diameter of skin 
current 

t, = radial thickness of lining = 0.12d 

l = vertical height of inductor = vertical depth of charge 

I/d, = 0.9, or 1 = 0.94; = 1.115d 

V. = volume of charge (cubic inches) 

W = weight of charge (pounds) 

Then 

d =d4+2tj=d+(2 X 0.12d) = 1.24d 

Vo= ia = i d? X 1.115d = 0.87545 

Or Vea 25008 


Allowing for heat leakage and radiation, total gross heat to charge 
= 230W, in watt hours. 

Let T = total melting period in hours = 0.075d (estimated from 
experience) 


Th Plctdtee Pan a Doel a0) x Deca! = 
en average power to Charge, 2A - ae 


727d? watts 

And maximum power to charge at full melt = P, = 
1,000d? watts (the 1.375 is an estimated constant) 
Assume 

Frequency, f = 960 cycles per second 

Resistivity of molten charge = p. = 200 X 10° ohm-cm 
Magnetic permeability of molten charge = u = 1 


Then charge skin depth, tf = os fee = 5030 Se = 
by wy 


2Qr 
2.30 cm = 0.908 in. 


Secondary resistance, R2 


1 slay A yl = 


po Xb _ px X (d — by) 
Ao 1X t X 2.54 
z= (200 x 10~*)(0.965d) 


ll 


= = 2.37 X 107 
1.115d X 0.903 X 2.54 

. ohms (error < 1 per cent) 

(d — te) = 0.965d within 1 per cent error within size range con- 


sidered; an approximation. 


Paes 1000 a? 

Ry 287 1074 

‘ = 2,055d (error < 0.5 per cent) 

Secondary voltage, HE. = V2 Kelas 105/01, >G2055d 62'S LOR 
= 0.688d 

But Ey = 4.44 X Bey X S. Xf X 1078 

where 

Boy, = maximum flux density linking charge 

= area of flux path in charge 


Secondary current, [2 = 


Tv Tv WT 
= — (d—2t)?=-—(d — 1.8)? = — (d? — 38. 3.24 
ri 2) a ) me 3.6d + 3.24) 


= 0.785 (d? — 3.5d) (approximation, error < 4 per cent) 
= 0.785d (d — 3.5) 


Then 
aoe 0.688d X 108 a 20,600 _ 20,600 
4.44 X 0.785d (d — 3.5) X 960 d — 3.5 0.865d 
23,800 ‘ ; 
=P F (approximation, error < 4 per cent) 


Primary exciting ampere turns, NJyp = 0.221 Boy X 1 X Ky 
where Ko = 1.5 is a constant to account for the end and return path 
reluctance 


Then 
Digs 0.221 X 20,600 X 1.115d X 1.5 _ _%,620d _ 7,620d 
(d — 3.5) (@—3.5) 0.865d 
(roughly) 


= 8,810 ampere-turns (approximation, error < 4 per cent) 
Since NJo is only 12 to 18 per cent of NJ, (total ampere-turns) 
the approximate value will serve the purpose of this general analysis. 
NI, = I, + 0.75NIy (very closely for range and conditions assumed) 
= 2,055d + 0.75 X 8,810 
= 2,055d + 6,608 
= 2,055 (d + 3.22) 
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NI, = approximately 2,055 (d + 0.125d) = 2,310d (approximation, 
error < 3.2 per cent) 


Primary copper loss: 
Resistivity of copper at 90 deg C = 2.2 K 107° ohm-cm = py 


= 
Skin depth ‘= 4 = 5,030 4/22 X 107 = 0.241 em = 0.0950 in. 


1 X 960 
: ; : Ry 
R,’ = equivalent resistance of single-turn inductor = Ne where 
N = number of turns 
Riles et xh 
Ay 


where /; = mean length of path of primary current, and A; = mean 


area of cross section of primary current path 
A, = K X t X l where K = 0.85 to account for insulating space 


factor between turns 


Then 
Ry = 2:2 X 1078 X ah + 4) 
j Kul 
2 mw X 2.2 (1.24d + 0.0950) 
0.85 X 0.0950 X 1.115d + 2.54 X 10° 
_ 30.4 (1.24d + 0.0950) _ 37.5 (d + 0.0766) 
10° Xd 10° X d 
_ 37.5(d + 0.003d) _ 376 X 10-8 
10° xX ad 
(approximation, error < 0.1 per cent) 
Ri SEO 

TPR, = (Ni)? v2 = (Nii)2R, = Tos X [2,055 (d + 3.22) |? 


37.6 X 4.22 (d + 3.22)2 
158.7 (d + 0.125 d)? 
201.0 d? (approximation, error < 6.0 per cent) 


; é P, 1,000d? 
Elect 1 effi = = 
ectrical efficiency P, + EPR, 000d? + 201d? 
= 83.3% (error < 1.0 per cent) 


Primary reactance volts: 
Bim = Primary leakage flux density 


I wl 


S32 NIN Ve 
th SCAG 
where K; = 1.35 is a constant to account for the end and return 


field reluctance. 

3.2 x V2 X 2,310d 
1.115d X 1.35 

(approximation, error < 3.2 per cent) 


Bim = = 6,940 


= Reactance volts per turn 


= 4.44 Xf X Bur X Sr X 1078 


N 


where S, = area of leakage path = ra —d@) = 5 d>(1.242 — 12) 
= 0.422 d? 
u = 4.44 XK 960 X 6,940 * 0.422d? & 1078 
= (0.1248 X d? (approximation, error < 3.2 per cent) 
a = Total primary volts per turn (neglecting small primary JR 
: drop) 
E 


= x + 0.83E: (very close for range and conditions assumed) 


0.1248d? + 0.688d X 0.83 

0.1248d (d + 4.57) = 0.1248d (d + 0.178d) 
0.1470d? (approximation, error < 7.1 per cent) 
P, + T,?R: + (stray losses) 


E 
ar x Nh 


to il 


Power Factor = 


_ 1,000d* + 201d? + 10d? (stray losses = 
0.1470d? X 2,310d i Z 


about 1 


per cent of P2) 


3.56 : 3 
aa (approximation, error < 10 per cent) 
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SUMMARY 


Weight of charge W = 0.2363 
Power input P = 1,201d? 
Efficiency E = 83.3 per cent 
Primary amp. turns NJ; = 2,310d 
Volts per turn £,/N = 0.1470d?2 
Power factor PF = 3.56d7-1 


Hence, for a 2-ton furnace 
3 

i 4,000 

0.236 


Power input = 1,201 X 25.63? = 788 kw 
Volts per turn = 0.1470 X 25.632 = 96.6 


= 25.63 in. 


Turns (for 1,000 volts) = AUN Fe 10.36 or 11. 
96.6 
Current = ees = 5,380 amp 
Power factor = paey = 0.1388 
25.63 
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Control of Distance Relay Potential Connections 


By A. R. van C. WARRINGTON General Elec. Co., 


ASSOCIATE A.1.E.E. Philadelphia, Pa. 


URING the past 5 
years distance relays 
gradually have be- 
come more popular for 
the protection of impor- 
tant transmission lines on 
account of their rapid 
action and their immunity 


By means of the automatic switching of 
potential connections to distance relays 
according to type of fault, each distance 
relay may be made to do the work of 2 
or 3 such relays. The cost of distance 
relay installations may be reduced con- 
siderably by this automatic control of 


In each scheme auxiliary 
relays (referred to as se- 
lector relays) are provided 
which are associated with 
individual phases or with 
the residual circuit. The 
potential circuits of the 
distance relays are con- 
nected to the appropriate 


from the effects of varia- 
tions of system set-ups 
and generating conditions. 
Their application, how- 
ever, has been confined 
hitherto almost exclusively 
to networks above 110 kv 
and protection against faults involving more than 
one phase. Since financial outlay is the main 
reason for not extending their application further 
it is the purpose of this paper to show how more and 
better protection can be obtained per dollar’s worth of 
distance relay. 

In Continental Europe, distance relays have en- 
joyed a much wider popularity than in this country 
although the relays used there are, in general, 
slower. Automatic potential switching has had a 
good deal to do with their wide application. One 
distance relay is made to do the work of 2 or 3 by 
automatically providing it with potential from the 
proper phase upon the occurrence of a fault. 

While this subject therefore is not entirely new, 
it has not previously appeared in publications in this 
country, as far as the author is aware. The schemes 
described are mostly based upon European practice 
modified where necessary for use with modern 
American high speed distance relays. They are 
suitable for either impedance or reactance relays 
except where mentioned. 

Conclusions which may be drawn from the meth- 
ods described in this paper are that with auto- 
matic potential switching the application of distance 
relays can be extended as follows: 


1. The expense of a complete set of distance relays on lines of 
secondary importance can be avoided by making one distance relay 
protect all 3 phases against interphase faults (Figs. 1 and 2). 


2. On certain lines one distance relay can be made to protect a 
3-phase line against ground faults (Fig. 3). 


3. Three distance relays can be made to protect against ground 
faults in addition to interphase faults (Figs. 8 and 9). 


4. With lessened accuracy and rather complicated switching a single 
distance relay can be made to provide protection against interphase 
and ground faults (Fig. 7). 


Full text of a paper recommended for publication by the A.I.E.E. committee on 
protective devices, and scheduled for discussion at the A.I.E.E. winter conven- 
tion, New York, N. Y., Jan. 23-26, 1934. Manuscript submitted Oct. 25, 1933; 
released for publication Dec. 5, 1933. Not published in pamphlet form, 
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potential connections, and consequently 
their use should become more widespread. 


phases of the secondary 
potential supply by the 
selector relays according 
to which phases are in- 
volved in the fault. This 
may be done either directly 
through contacts on the selector relays (as in Figs. 
1, 2, 3, 4, 7, 9, and 10) or indirectly through contacts 
on d-c auxiliary relays, called a transfer relay (as 
in Figs. 5 and 8). 

Where the fault current always exceeds the load 
current, the selector relays can be simple instan- 
taneous overcurrent relays, as indicated in Figs. 
1-4, 7, and 10 and can sometimes be mounted within 
the distance relay itself. In the less frequent cases 
where operation is desired on faults with less than 
normal current, voltage restraint coils can be added 
to prevent them from picking up under normal 
conditions (see Figs. 5, 8, and 9). 


ONE DISTANCE RELAY FOR INTERPHASE FAULTS 


In Fig. 1 is shown a Continental arrangement, 
using one distance relay instead of 3 for faults be- 
tween phases. In order to prevent operation nor- 
mally while the potential circuit of the distance relay 
is short-circuited, it should have a starting unit which 
cannot operate on current alone. Table I shows how 
the distance relay is energized for faults between the 
various phases. It will be noticed that a fault be- 
tween phases 1 and 2 or a 3-phase fault provides 
current from both the current transformers, but the 
distance measurement is kept the same by bypassing 
half the current through the ‘‘impedor’”’ Z. 

In Fig. 2 and Table II is shown an alternative 
arrangement which avoids the special connection 
of the current transformers by means of double 
current windings on the distance relay. In this dia- 


Table I—Methods of Energizing Distance Relay of Fig. 1 


— 


Fault Potential Current Ohms 
3-phasésnc oro oe ae Piaget emtas U/9(Fa" lia) ts ore xe 2X, 
Phases: 1-2:tan nee: Fa 5 es ciphek oxs Ds, rt aoe te aenes 2Xp 
Phases’ (2-3 2k pee eee Ess Fos Sa. Sg gene fis cussion ae 2X > 
Phases:.3-1ac)- ee ec JOR OO OD. OF WIC VEN Wino Seo os SG: 
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CUR. TRANS. 


Fig. 1. One distance relay for phase-to-phase faults 
S1 and Ss. 


E and | 
E and |. 
Z. Impedance equal to that of current winding for equaliz- 
ing the relay current during similar faults on different phases 


Selector relays 
Potential and current windings of distance relay 


gram also the impedor is in the potential circuit, 
thus eliminating the low resistance type of contacts 
necessary in Fig. 1 for short-circuiting the impedor 
in the current circuit. On the other hand, while the 
selector relays can be made more simply, the distance 
telay itself must be of superior design because it 
receives approximately double current and voltage 
for faults involving phases 1 and 3, and must still 
give the same distance measurement and operating 
time though influenced by 4 times the power. 

The economy realized from the elimination of 2 
relays out of each set enables distance relays to be 
used on lines whose importance does not warrant the 
expense of 3 distance relays per breaker, in spite of 
their superior protection and greater flexibility. 


ONE DISTANCE RELAY FOR GROUND FAULTS 


Similar but even simpler switching means can 
sometimes be used in the case of a ground distance 
relay (see Fig. 3). In this circuit the current coils 
are supplied with residual current and the potential 
coils with potential from phase 1 normally. Upon 
the occurrence of a fault in phases 2 or 3, the line 
current operates the corresponding switching relay 
to switch it to the proper phase-to-neutral potential. 

It will be seen that during 2-phase faults the 
distance measurement will be inaccurate. The 
error will be on the high side with impedance relays 
so that back-up protection will be given to the 
interphase distance relays. Reactance relays will 
require an additional selector relay in the third phase 
with a contact arrangement similar to that of Figs. 5 
and 8, to prevent action on faults involving more than 
one phase; otherwise, the phase angle on interphase 
faults could cause underestimation of the distance. 

The reactance measured by a relay supplied with 
wye voltage and residual current during a single- 


Table II—Methods of Energizing Distance Relay of Fig. 2 


Fault Potential Current Ohms 
DS HASCetelaisielexsisioiss "spars 13's Gavin cai acrecioke Ug Tae aie «crersiepniekenes xp 
IB NEECCy BEVA oouado de 6 ULV: Bae OO If ag 65G000 00000 2? 
PHASES Manoel cies. sisiiie oles LLY chy Se mri ars alelcistetevetel exe a 
PHASES s Gel cass sos evcsace JO; CORBA EO deers Tyre LG sc ocus vlan es ad D 
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CUR. TRANS, 


Fig. 2. One distance relay for phase-to-phase faults 


Si and Ss. Selector relays 

Eand |. Potential and current windings of distance relays 
R. Residual current circuit 

Zn. Impedance equal to that of E windings for equalizing 
the ohmic measurement 

Zr. \|mpedance equa! to that of | windings for balancing 
current transformer burdens 


is 1/3 


x x, ] where A, 5, and C are factors 


phase-to-ground fault (see Appendix JB) 

A+ 8 
(x, +44 
dependent upon magnitude and location of the 
generation and grounding points (see Appendix A) 
and X, and X, are respectively the zero phase se- 
quence and positive phase sequence reactance be- 
tween the relay and the fault. 

The distance measurement is therefore affected by 
change in system set-up and would only be constant 
on lines not subject to wide variations in system 
arrangement. However, the protection afforded to 
most lines would be better than that obtainable from 
the ordinary residual time-power relay. : 


THREE RELAYS FOR COMPLETE PROTECTION 


In cases where 3 distance relays are already in- 
stalled for protection against interphase faults, 
their duties can be extended to single-phase ground 
faults also by providing potential switching means 
as shown in Fig. 4. 

The distance relays are supplied with wye current. 
Their potential circuits are connected to the cor- 


DISTANCE 
ey rece ot] 


Fig. 3. One distance relay for phase-to-ground faults 


Se and S3._ Selector relays 
Eand|. Potential and current 
Z. Dummy impedance to balance current transformer burdens 


CUR.TRANS. 
pe E 


responding delta voltages normally and during faults 
not involving ground. Upon the occurrence of a 
ground fault, the potential circuits of the distance 
relays are transferred to wye voltage by a selector 
relay in the residual circuit. 
During faults between conductors the distance 
relay in phase 1 measures oe which is 2 X, when only 
a 
2 conductors are involved. During ground faults 


ei is measured which on single-phase-to-ground faults 


q, 
ice re The impedances Z;, Z2, and 23 
4 A+B 
ea 


are provided for making the distance measurement 
as nearly as possible the same for phase faults and 
ground faults. Their value depends upon the value 
of A, B, and C for the particular line and can range 
from zero to the impedance of the potential circuit 
for one distance relay. These impedances would 
tend toward zero on lines with no ground wires. 
The distance measurement does not depend upon 
which phases are involved because the connections 
are symmetrical. 


Fig. 4. Three distance relays for interphase ground 
faults 


E,, Es, Es. Potential circuits of distance relays 
lh, le, 1s. Current circuits of distance relays 
S; Selector relay 

1, l2, Ts. Potential transfer contacts 
Zi, Z2, Zs. Equalizing impedances 


DOUBLE GROUND FAULTS 


With wye current it is preferable to use delta 
voltage on double ground faults, because the cur- 
rent flowing between the conductors is generally 
much larger than the current flowing in the ground, 
and the delta voltage is therefore more nearly pro- 
portional to the distance to the fault than the wye 
voltage. This is still more worthy of consideration 
in reactance relays where the effect of phase angle 
is such as to reduce the distance measurement with 
wye voltage sometimes to zero on a double ground 
fault (see Fig. 6). 

Accordingly in Fig. 5 the selector relay in the 
residual circuit is replaced by 3 selector relays in the 
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phase circuits. The contacts of the selector relays 
are so arranged that the potential circuits of the 
distance relays are connected to wye voltage only 
upon the occurrence of a single-phase-to-ground 
fault, i.e., if one but not more than one of the selector 
relays operates. The distance relays remain con- 
nected to delta voltage during normal conditions, 
power swings, 3-phase faults, phase-to-phase faults, 
and double ground faults. 

The potential transfer relay has about 0.04-sec. 
delay which is provided in case the 2 selector units 
do not operate simultaneously on a double ground 
fault, and permit the distance relay to be switched 
to wye voltage, which might cause low distance 
measurement, as just explained, since zero sequence 


STATION BUS 
POT. TRANS. 


SELECTOR 
RELAYS 


CUR. TRANS. 


Fig. 5. Three distance relays for interphase and 
ground faults 


Ei, Es, Es. 
lt, lo, Is. 
ly To, Ts. 


Potential circuits for distance relays 
Current windings of distance relays 
Contacts of transfer relay 
1, €2, @3. Potential windings of selector relays 
i1, iz, iz. Current windings of selector relays 
1, 2,3. Contacts of selector relays 
Zi, Z2, Z3. Equalizing impedances 


compensation is not provided in the scheme. 

It will be seen that the distance relays are allowed 
to operate immediately on all interphase faults. 
Upon the occurrence of a single-phase-to-ground 
fault the distance relay will not operate (unless the 
fault is close to the bus) until the potential has been 
switched from delta to wye. The tripping is held 
up in this case by the safety delay of 0.04 sec in the 
transfer relay; but this small delay in clearing single- 
phase-to-ground faults would not endanger stability 
and, therefore, would seldom be objectionable. 

More accurate measurement of distance would be 
obtained if the distance relays were provided with 
wye voltage during 3-phase faults which would make 
it read the same distance as with delta voltage on 
phase-to-phase faults (if provided with equalizing 
impedances to halve the delta voltage on phase-to- 
phase faults). If the 3-phase fault were not bal- 
anced the relay in the most severely faulted phase 
would read substantially correctly, the other 2 higher. 

Though employed later, this connection is not 
used in Fig. 5 because the latest type of distance 
relays would often operate before the transfer to 
wye voltage took place. The difference in distance 
measurement in the 2 types of faults would be 1 to 
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1 to 1.15 sin ¢ 


sin (¢ + 30 deg) 
in the reactance relay. The ratio is unity in the 


reactance relay on lines where ¢ is 60 deg and greater 
than unity for more-lagging lines. The ratio is 
less in both types of relays if the 3-phase fault is not 
exactly balanced. 

The use of 3 impedance units as selector relays 
might give the impression that the total number of 
distance relays has not been reduced. These im- 
pedance units, however, are simply instantaneous 
overcurrent relays with voltage restraining coils 
to raise their pick-up at 
normal voltage while per- 
mitting them to operate on 
faults of less than normal 
current. They can be small 
and of the simplest con- 
struction since only an 
approximate impedance 
characteristic is required. 


1.15 in the impedance relay and 


Fig. 6. Vector diagram 
showing that wye current 
and wye voltage will not 
allow a distance relay to 
measure correctly in a 
double-ground fault 

Ex, Eo, Es. Wye voltages 

1, le, Is. Wye currents 

lpn. Current flowing between 


conductors 
lz. Current flowing in ground 


ONE DISTANCE RELAY FOR COMPLETE PROTECTION 


The duties of the distance relays can be ex- 
tended, of course, more and more, using auxiliary 
relays with suitably connected contacts, until the 
limit is reached when only one distance relay is used 
for protection against all phase and ground faults. 
Such an arrangement is shown in Fig. 7, whivh is 
based upon a circuit developed abroad. 

The contacts a, b, c, and d of the selector relays 
are shown separately from their corresponding coils 
A, B, C, and D in order to simplify the diagram. 
Letters are used to indicate these relays, instead of 
the designation S;, S., S; used elsewhere, because 
there are additional intermediate selector relays 
F and G and because a distinctive marking is neces- 
sary to locate quickly the coils and various contacts 
of each selector relay. 


Table III—General Operation of Relay of Fig. 7 


Fault Selectors Potential Current 
3-phase...../....0.00 ID Moh (O Spigs o Rctor mote PL gnavanentreras Sele —1/e(I3 — 1) 
LO) cha Chic eRe OI TAS 183: ACL OCOD TUOOINA | tes Ge Ih 
FOB) 8 eset NEE ae REO 1B KC A PaoeRO ReBags ose 3 - Is 
Ballacce daGnraG.0 OM JN KES. SOOO E 9 ODES a cic eo —'/eT3 — 11) 
1 to ground....... He, JO) IO OBA ROD sO Eq ancatatenrerave’s qh 
2 to ground..... BS DE Gael so estos a vcrale Matera Ia 
SILONSLOUNG Pate 2 Gy st Daya. 6 i= oe ot PO NAA con OOo —Is 
1-2-ground....... FNS BS Boos oR SS KGEiys ree rer nh 
2-3-ground...... BE GAD RCE Sah. x! ors TERS oi einiautadeae © In 
3-l-ground...... PAL Cee Ba eters atanecone Ses TES aerate puters a iscn —'/2T3 — th) 
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The contacts g cut in the winding W; of the 
auxiliary current transformer only during single- 
phase faults between phase 2 and ground. The 
windings W, and W, are used for all other faults. 
Both windings are energized simultaneously only 
in the case of a fault between phases 1 and 3, but 
the impedance Z, bypasses enough current to keep 
the relay current the same as for a similar fault 
between one of the other pairs of phases. The com- 
pensating impedances in series with the potential 
transformer secondaries have to be adjusted to 
obtain the same distance measurement on phase-to- 
phase faults as on single-phase-to-ground faults. 

The economy of making one distance relay do the 
work of 6 is acheived sornewhat at the expense of 
performance. The distance relay must not be 
allowed to trip until all the selector relays have 
operated that should operate; and, in order to be 
sure of this, the selector relays must be more rapid 
than the distance relay over the range of current 
expected, or the distance relay must be suitably 
delayed. Furthermore, the continuity of the poten- 
tial circuit depends upon the perfect operation 
of the several contacts in series with it. 

The ohmic measurement varies somewhat for 
different types of faults, and for this reason could 


POT. TRANS. 


SELECTOR 
RELAYS 


DISTANCE one) 

[ester Cae 

Fig. 7. One distance relay for phase-to-phase and 
phase-to-ground faults 


A, B, C, D. _ Selector relay coils 

a, 6, c, d. Selector relay contacts 

G, F end g, f. Auxiliary relay coils and contacts 

W1, Wo, Ws, Wa. Windings of auxiliary current transformer 
Zs. Impedance for halving current in 1 and We 

Zi, Zo, Z3. |mpedances for equalizing measurement of dis- 
tance relay on phase and ground faults 


not be applied to important lines. For instance, 
for faults involving phase 2 a certain amount of 
current may be supplied from phases 1 and 38 if 
some of the fault current returns along those con- 
ductors. The general operation is as shown in 
dablerlhl: 

The factor K is less than unity and is introduced 
by the equalizing impedances Z;, Z2, Z3 in order to 
make the distance measurement on interphase 
faults as nearly as possible the same as that on 
single-phase-to-ground faults. With the former 
(with delta voltage) there is twice the impedance 
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SELECTOR 
RELAYS 


CUR. TRANS. 


Fig. 8. Zero sequence current compensation with 
one current switch 

E1, Ex, Es. Potential circuits for distance relays 

1, le, Is. Current windings of distance relays 

Ti, Iz, Ts, Ts. Contacts of transfer relay 

Ts is a vacuum contact in the current circuit 

F. Zero sequence current filter 

@1, 2, 3. Potential windings of selector relays 

i1, i2, is. Current windings of selector relays 

1,2, 3. Contacts of selector relays 

A. Tapped auto current transformer for adjusting ratio of 
residual to phase current 

Zi, Zo, Zs. Equalizing impedances 


in series with the relay potential coils as with the 
latter (with wye voltage). 


ACCURACY 


In the foregoing 3 schemes where the same dis- 
tance relays operate on interphase faults (with delta 
voltage) and single-phase-to-ground faults (with 
wye voltage), the current provided should be a com- 
promise between the currents most desirable for 
correct indication for interphase and for ground 
faults. Wye current was used in the schemes just 
described (Figs. 4, 5, and 7). This is satisfactory 
on the great majority of lines, but close settings 
cannot be obtained on lines where impedance of the 
ground circuit varies considerably with system 
connections (see Appendix A). 

However, in the few cases where it is necessary to 
limit the instantaneous zone of the distance relays 
to only 50 per cent of the protected section on 
single-phase-to-ground faults, the protection se- 
cured will still be better than that afforded by inverse 
time-current or time-power relays supplied from the 
residual circuit. 

On lines of primary importance if the system set-up 
is liable to be considerably varied to meet load 
conditions it is evident that the use of one distance 
relay for complete protection is not flexible enough 
for accurate distance measurement without making 
the circuit still more complicated. With 3 distance 
relays, however, the switching circuit is easier to 
handle because it is symmetrical. Each distance 
relay protects one phase in exactly the same manner 
as the 2 in the other 2 phases and any desired com- 
pensating feature can be added directly by means of 
contacts on the transfer relay which switches the 
3 distance relays simultaneously and similarly. 
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Fig. 9. Zero sequence current compensation with- 
out current switching 


Si, Sz, S3. Phase selector relays 

Sr. Residual selector relay 

E,, Ex, Es. Potential circuits of distance relays 

1, le, Is. Phase current windings of distance relays 

ke (, ,|3’. Residual current windings of distance relays 


CONNECTIONS REQUIRED 


- Having tentatively decided on 3 distance relays 
for protection against all types of line faults, we 
shall see what can be done to make the distance 
measurement as nearly as possible the same in all 
cases. Table IV shows the connection desirable 
for the different types of faults (see appendix). 


Table IV—Connections for Different Types of Faults 


a 


Type of Fault Suitable Connections Alternatives 
E E 
S-=phasescnsnas ciate caeltG La ae ee Se 
T delta Twye 
E E, 
Phase-to-phase........ se chase at Oe Ne adelia 
LT delta I wye 
E 
Double ground........ LLLLE RR Ee ae. eae ee 
Tgelia T wye + KI residual 
Edelta 


Twye — /sl residual 
Ewye 


Single ground......... — 
Lwye + K] residual 


Since delta current is not desirable in single-phase- 
to-ground faults the use of it would involve switching 
in the current circuits. This presents more dif- 
ficulty than in potential circuits because: (1) the 
amount of current, and therefore the contact duty, 
is more severe; (2) low resistance contacts must be 
maintained in order to avoid heating and imposing 
extra current burden; (8) the current transformers 
must never be open-circuited; and (4) the switch- 
ing must be completed in a fraction of a cycle. 
Vacuum switches are now available for meeting 
these requirements but at present a group such as 
would be needed would be bulky and expensive 
and require appreciable force to operate. Conse- 
quently, we shall decide on wye current for inter- 
phase faults. The residual current required for 
ground faults can be controlled without transfer 
switches, as shown in Figs. 8 and 9. The potential 
connections are now fixed by the choice of wye 
current. 
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COMPLETE PROTECTION 
WITH CURRENT COMPENSATION 


The connections of Fig. 8 are similar to those of 
Fig. 7 except that the circuit is modified in accord- 
ance with the table of connections (Table LV); 
required for greatest accuracy. Delta voltage is 
used for double ground faults in order to avoid the 
use of an extra selector relay in the residual circuit 
for distinguishing between double-ground and phase- 
to-phase faults. The current circuit is so arranged 
that while residual is added in the relay coils during 
single-phase-to-ground faults it is removed during 
double-ground faults leaving the relay with only 
the positive and negative sequence components of 
voltage and current. 

The contacts in the potential and current circuits 
are operated together. The figure shows the con- 
tacts as they would be for normal conditions, power 
swings, 3-phase faults, and single-phase-to-ground 
faults; the distance relay potential circuits have 
the phase-to-neutral voltages and their current 
circuits have wye current plus the proper propor- 
tion of the residual current (in single-phase-to- 
ground faults). 

Only upon the occurrence of a phase-to-phase or a 
double-ground fault is the transfer relay permitted 
by the selector relays to pick up. The distance 
relay potential circuits are then switched from wye 
to delta voltage and the zero sequence current is by- 
passed (in the case of double-ground faults) through 
the zero sequence filter which is of low impedance 
compared with the alternative path through the 
relays and the autotransformer. 

As an alternative the current contacts on the 
transfer relay could have been eliminated by pro- 
viding a selector relay in the residual circuit with 
its contacts in parallel with the group of contacts of 
the existing selector relays. In this way, during a 
double-ground fault the relay would receive E,,,, 
GI Raia 10 eae 

Instantaneous operation is obtained on 3-phase 
faults (where the risk of instability is a maximum) 
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Fig. 10. Voltage compensation in 3 distance relays 


Si, S2, Ss. Phase selector relays 

S, Residual selector relay 

E:, Es, Es. Potential circuits of distance relays 

I, le, ls. Phase current windings of distance relays 
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and single-phase-to-ground faults, while the small 
delay of the selector relay occurs only on 2-phase 
faults. This is preferable on some systems wehre 
prompt removal of a single-phase fault to ground 
may prevent the arc from spreading to a second phase. 


ZERO SEQUENCE COMPENSATION 
WITHOUT CURRENT SWITCHING 


In Fig. 9, which is based upon a European circuit, 
the switching contacts are reduced to a minimum 
and the connections are simple. One distance relay 
is used per phase for all types of faults. Each dis- 
tance relay contains a small instantaneous overcurrent 
or impedance selector unit which connects one end of 
the potential circuit to the corresponding phase of 
the secondary potential bus when that phase of the 
protected line becomes involved in a fault. The 
other ends of the potentiai circuits of the distance 
relays are connected together to form a star point. 
This point is connected to the neutral of the second- 
ary potential bus if the fault is to ground. 

The current circuits of the distance relays have 
double windings. One winding is supplied with 
current from the same phase as the potential and 
the other is connected to a tapped auxiliary current 
transformer in the neutral circuit of the line current 
transformers. By means of the taps the amount of 
residual current supplied to the distance relays can 
be adjusted according to the ratio of X, to X, as 
explained previously. 

A fault between any 2 phases causes 2 of the 
distance relays to receive the current flowing in the 
affected phases and half the voltage between them, 


1 
i.e., ta Esae which is X,. In a 3-phase fault the 


wye 


distance relays receive wye current and the corre- 


sponding wye voltage, i. e., Boye which is also X,. 


When one phase has a fault to earth the residual 
overcurrent relay picks up so that the corresponding 
distance relay receives the wye voltage of that 
phase. The 2 current coils of the relay are energized 
with the phase current and residual current re- 
spectively so that the ohmic indication is 


_—___—_““¢_____ which is also X,. 
D bp si alr TOR eee 4 


In a double ground fault the residual relay causes 
the 2 affected distance relays to have wye potential 


Fig. 11. 


Definitions of symbols used in analysis of 
relay instrument during ground fault 
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while their current circuits have phase plus residual 
current so that the distance measured is 

Ee, 
1 eae KT esiduat 

This arrangement is the cheapest for complete 
line protection with accurate distance measurement. 
The distance relay operation is delayed by the small 
period taken by the selector relays to operate. This 
is the same for any type of fault. 

In order that the distance relays may not operate 
normally when their potential circuits are deéner- 
gized, they must be controlled by a directional start- 
ing unit or else back contacts must be provided on 
the initiating relays to deénergize the operating 
current coils of the distance relays. 

In very many cases the variations in system set-up 
do not affect the distance measurement on ground 
faults sufficiently to warrant zero sequence com- 
pensation. On the majority of lines it is suf- 
ficient to provide partial compensation by putting 
an impedance in series with the neutral of the dis- 
tance relay potential circuits as shown in Fig. 10. 
This impedance can be a resistor in the case of relays 
having potential circuits which are of unity power 
factor or which can be made unity power factor by a 
parallel condenser. Its magnitude is such as to 
cause the relay to measure the same distance on 
single-phase-to-ground faults as with balanced 3- 
phase faults, i. e., to reduce the voltage on single- 
phase-to-ground faults in the same proportion as the 
current when the residual compensation is omitted. 


which is again X,. 


Appendix A 


IMPEDANCE OF LINE-TO-GROUND FAULTS 


In a fault between phases the voltage between the faulty pair of 
conductors divided by the current flowing in them gives an im- 
pedance which is proportional to the distance from the fault because 
only the positive and negative phase sequence components are 
involved and they depend only upon the length of the line. 

In a ground fault however this impedance is not always propor- 
tional to the distance from the fault on account of the fact that zero 
phase sequence component is included which is affected by changes 
in the location of the system grounding points, the mutual effect of 
the current returning in the ground and the other 2 conductors, 
which means that changes in generation and system connections will 


have an effect upon the value of = 


COMPENSATION FOR THE EFFECT OF 
Mutua INDUCTANCE OF RETURN CURRENTS 


With phase 1 grounded the phase-to-neutral voltage E; will be 
Ey => 1/3 (hh +4. als + a*7I3)X p> + (h oe aI, ae aI3)X,+ (hh a Ty a I3)Xz 


where the currents are those flowing towards the fault in one direc- 
tion, i.e., through the relay in question, and the reactances are 
measured on the same side of the fault, resistance being neglected. 
Z could have been written instead of X, but the latter was used in 
order to match with later equations. 

Since X, = X,, for points along the line itself, we can put — 


X, = X and X, = Ky in the above equation. Therefore 
1 
E= 3 H2h+(V+ah+(a+e)L}xX+(h+h + 1;)KX] 
Xx 9 
= BY {2I ae I; + Kh + Is + Is)} 
yh De 


be . Bh+(h+th+L)K — 1)} 


4 wear 


A distance relay for ground fault protection using wye voltage and 
the wye current in the same phase can therefore be set to operate on 
X, (which is a direct measure of the length of line involved) if a 
component of the residual current be added to the line current in the 
current coils, in order to give correct operation under all ground fault 
conditions. 

The relay in phase 1, in order to give a true indication of the 


E 
proximity of the fault, must therefore measure <a (K — Di 
I a 3 aaa 
where J, is the residual current of the 3 current transformers and 
XxX, 
where K = x 


SETTING THE VALUE OF K 


The amount of residual current which should be added to the 
phase current to compensate for the variations just discussed depends 
upon the ratio of the zero phase sequence reactance to the positive 
K-11, 

3 
Table V shows approximately how K’ would vary with copper and 
steel ground wires and with no ground wires. 


Table V—Values of K’ 


phase sequence reactance of the protected line, i.e., K’ = 


No. of Zzin Xe Reel 
Ground Kind of Ground Izin K X, K’ = 3 
Wires Wire Wire Ground P 
(Uk Acre Ores oar OBOE 0%.....100% 3.5 -4...0.83 to 1.0 
AWA Pe wteelra. Acc. Bo rtew 95%....3-5 —4...0.83 to 1.0 
Late... Copper... .40-50% 5.55. 60-50% .2.75-3...0.57 to 0.67 
2h ee es CODDEn ess Ua 0 Sonrentar 50-30%...... Dacca 0.33 
Perfect return path......... LOO Yee. ith creer ete ter tee LS ets 0 


It is not always necessary to compensate for variations due to 
system set-ups. For instance it will be seen from the above tests 
that in some lines only 1/3 of the residual current need be added to 
the phase current for full compensation. This does not mean that 
the variations in distance measurements will be 33 per cent without 
compensation because some of the departure from X, is fixed and 
can be taken up by changing the distance setting on ground faults, 
which is easy if the relay setting is made by adjusting the potential 
circuit. 

On some lines the location of grounding points is never changed 
and the layout of the system is such that the location of the fault 
does not appreciably affect the relation between the line-to-ground 


wye 


and the distance to the fault. 


impedance 
phase 

In the following a formula is developed from which the actual 
variation in distance measurement can be calculated in a distance 
relay supplied with wye voltage and phase current. For simplicity 
impedances are considered instead of reactances. This method of 
analysis was taken from “Report on the Application of Impedance 
Relays for the Protection of Overhead Transmission Lines Against 
Ground Faults,”’ by J. Fallou (see references at end of paper). 


EFFECT OF CHANGES IN SYSTEM CONNECTIONS 


In Fig. 11 is shown a section of 3-phase transmission line with 
power supplied at both ends and a ground fault on phase 1 at O. 
The following notations will be used: 


Z = impedance O to A (including transformers and generators) 

Z’ = impedance O to B (including transformers and generators) 

X.= impedance O to M (The symbol X is used instead of Z to avoid 
confusion with the other Z terms) 

Z = total impedance from fault to ends of line including both sets 
of transformers and generators, so that = ; aa 5 


| 
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Similarly the total current in fault J = J + 1’ flowing from A and 
B, respectively, in the lines shown in Fig. 11. 
Also in phase 1 the total short-circuit current at Ois 


elt Sect 7, 


also 

E 
df = J,-= 2=> yO TS 
: EL ET, 


where £ is the Y voltage. 
Since Zi Z, + Zz, and the same for the other components 
Ze Z 


Te Zz “Il andl, = Z, X J., therefore 


_ 2p 
= Z. Jp, 
pee as! 
Zyxt Zn +2, 
The star voltage V; at the relay M has components Xy/J5, Xnln, 
X,I, and its value is therefore 

aire 
© £4,444, 
since voltage drops are produced only by components of current 
reacting with like components of impedance. 

Then dividing by the expression for J; we have 
Zs Zi Z, 

Ze Zs 


Z, Z Z 
h=t1 I, + 1, = Pay SO Ss 
1 ptla + ietetE 


: {x24 x24 x8 


Therefore 

BE, _ X,A + X,B + X,C 
Ty A+B++C 

_ Xp(A+B) + X.C 
ye SE 0 ae res 
A+B+C 

Xz°— Xp 

A+B+C 


, because X,, = X, for a transmission line 


=X,+ 


In his previously mentioned article, Jean Fallou also works out an 
expression for the distance measurement of an uncompensated dis- 
tance relay during double-ground faults. The expression is some- 
what complicated and the reader is referred to the article for the 


analysis. : 
Variations in distance measurement during double-ground faults 


can be avoided by zero sequence compensation or by connecting the 
relay so as to consider a double-ground fault the same as a phase- 
to-phase fault, i. e., by eliminating the zero sequence components from 
both the potential and current circuits, either by using delta voltage 
and delta current or by using delta voltage and eliminating the zero 
sequence components from the wye current by means of a filter or a 
4-winding transformer. 


DISTANCE MEASUREMENT WITH ZERO SEQUENCE COMPENSATION 


It can be shown quickly that by adding the proper amount of 
residual current the distance measurement depends only on the 
positive sequence reactance between the relay and the fault. 
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Combining the above identities, we have 
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indication = X, which is proportional to distance 


and not affected by variations in A, B, and C. 


Appendix B 


In Fig. 3 wye voltage was used with residual current. On single- 
phase-to-ground faults the distance measurement with this combina- 
tion would be as follows: 
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Auditory Perspective 
—Transmission Lines 


This paper continued from p. 32. The sixth and final 
paper in this symposium entitled “Auditory Perspective— 
System Adaptation” follows the remainder of this paper, 
beginning on p. 216. 


stantially flat within a fraction of a decibel from 40 
cps to 15,000 cps. The lower curves indicate 
successively what happens if the phase angle of the 
receiving carrier is adjusted different amounts from 
the optimum adjustment. It may be noted that for 
a 90-deg departure the transmission of a 40-cycle 
tone over the carrier channel would suffer more than 
12 db in comparison with a 1,000-cycle tone. 


REPEATERS 
As noted previously, the line circuit between 


Philadelphia and Washington included 5 inter- 
mediate repeater points. A schematic drawing of 


ape BASIC eed ey AMPLIFIER 
EQUALIZER EQUALIZER | NETWORK See 


REGULATING 
CONTROL 


Fig. 8. Schematic diagram of repeater station appa- 
ratus 


the apparatus installed at each point is shown in 
Fig. 8. The aniplifiers at these points, as well as 
those used at the transmitting and receiving termi- 
nal, consisted of a new form of amplifier employing 
the principle of negative feed-back. The principal 
virtues of amplifiers of tihs type are their remarkable 
stability with battery and tube variations and great 
freedom from nonlinearity or modulation effects. 
Each amplifier is supplemented at its input by an 
equalizer designed to have its attenuation approxi- 
mately complementary in loss to that of the line 
circuit in a single section. The amplifiers actually 
employed for the purpose were taken from a trial of a 
cable carrier system described in a recent A.I.E.E. 
paper by A. B. Clark and B. W. Kendall. 

The losses in the cable circuits do not, of course 
remain absolutely constant with time, and slow 
variations due to change of temperature are com- 
pensated for by occasional adjustments of the vari- 
able equalizer arrangements provided. These ad- 
justments were required only infrequently; ap- 
proximately at weekly intervals because in an under- 
ground cable the temperature experiences only slow 
seasonal variations. 

As noted, new repeater stations were established at 
2points. The housing arrangements for one of these 
points, Abingdon, is shown in Fig. 9. The equip- 
ment at this repeater point also included relays 
remotely controlled from the nearest attended 
repeater station to permit the repeaters to be turned 
on and off at will and the power supply, which 
consisted of storage batteries, to be switched from the 
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regular to the reserve battery or either battery put on 
charge if required. 


OvER-ALL PERFORMANCE 


While the system was set up specifically to provide 
transmission for the demonstration into Washington 
on April 27, 1933, it was operated over a period of 
several weeks and complete tests and measurements 
were carried out for the purpose of gathering informa- 
tion on cable carrier systems. The complete layout 
of apparatus and lines provided between Philadelphia 
and Washington is shown in Fig. 10. 

The over-all frequency transmission character- 
istics of the 3 channels that were set up are shown in 
Fig. 11. These curves differ from those shown in 
Fig. 7, and include the complete high frequency line 
circuit with its 150 miles of cable, repeaters, equal- 
izers, and other equipment. It may be seen that 
between the desired frequency limits the circuit is 
substantially flat in transmission performance to 
within +1 db. Various noise measurements made 
on the over-all circuit indicated that the circuits 
fully met the requirements that had been set up, 
and that the line and apparatus noise was inaudible 
in the auditorium at Washington even during the 
weakest music passages. The circuit also was found 
to be free from nonlinear distortion to a satisfactory 
degree. Harmonic components generated when 
single-frequency tones were applied to the channels 
at high volumes were found with one unimportant 
exception to be more than 40 db below the funda- 
mental. 

As a means of obtaining a further increase in 
volume range, which was not actually required for 
this demonstration, tests were made with a so-called 
predistortion-restoring technique. In this the higher 
frequency components of the music were transmitted 
over the carrier channels at a volume much higher 
than normal in relation to the volume of the lower 
frequencies. By this means any noise entering the 
carrier channels at frequencies equivalent to the 
eee music frequencies is greatly minimized in 
effect. 


Fig. 9. 


Interior and exterior of special intermediate 
repeater station at Abingdon, Md. 
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This predistortion is accomplished by including in 
the circuit at the input to the modulator a network 
having relatively high loss for the lower frequencies 
and tapering to low loss for the higher frequencies. 
Its maximum loss is compensated for by adding in 
the circuit an equivalent amount of additional ampli- 
fication. The characteristics of such a network are 
illustrated in Fig. 12. To restore the normal volume 
relationships between the different tones and over- 
tones a restoring network having complementary 
transmission frequency characteristics is, of course, 
included at the output of the receiving circuit. It 
was found with this predistortion-restoring tech- 
nique that a volume range increase of something 
like 10 db could be obtained over the circuits 
described. 

There is available also another method which 
might have been employed for obtaining a further 
increase in volume range. This method, the so- 
called volume compression-expansion system, very 
likely will be necessary if in the future it is desired to 
obtain such high quality circuits on long routes where 
the carrier frequency range is being used also for 
regular telephone message transmission or for other 
purposes, and where the problem of freedom from 
noise and crosstalk no doubt will be more serious 
than experienced in the Philadelphia-Washington 
demonstration. Such a volume compression-ex- 
pansion system requires additional apparatus at the 
sending and receiving terminals of the line circuit. 
At the sending end this apparatus is used to raise in 
volume the weak passages of the music or other 


Fig.12. Attenua- 
tion _ characteris- 
tics of ‘‘predis- 
torting and restor- 

ing’ networks 
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program for transmission over the line circuits in 
order that the proper ratio between the desired 
program and unwanted noises may be retained. 
At the receiving terminal coérdinating apparatus 
reéxpands the compressed volume range to the 
volume range originally applied to the transmitting 
terminal. 

In the demonstration, to provide supplementary 
control features required by Dr. Stokowski at 
Washington for communicating with the orchestra 
at Philadelphia, additional wire circuits were es- 
tablished between these points. Order wire circuits 
also were provided for communication between the 
terminals and repeater points to make possible the 
location troubles if any should arise. Rather 
elaborate switching means were included at the 
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terminals to permit switching the carrier channels to 
different microphones and to different amplifier 
equipment at the loud speaker end. To take care of 
the contingency of a cable pair failure, spare pairs of 
wires were made available to be switched in at short 
notice. Fortunately, none of the reserve facilities 
actually were required for the demonstration. 
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Auditory Perspective 
—System Adaptation 


A communication system for the pick-up 
and reproduction in auditory perspective 
of symphonic music must be designed 
properly with respect to the acoustics of 
the pick-up auditorium and the concert 
hall involved. The reverberation times and 
sound distribution in the two auditoriums, 
the location of the microphones and loud 
speakers, and the response-frequency cali- 
bration of the system and its equalization 
are considered. These and other impor- 
tant factors entering into the problem are 
treated in this, the sixth and final paper of 
the symposium. 


By 

E. H. BEDELL Bell Tel. Labs. ines 
MEMBER ACOUS. SOC. OF AMERICA New York, N. Y. 
IDEN KERNEY Am. Tel, ond helices 


MEMBER ACOUS. SOC. OF AMERICA New York, N. Y. 


Was THE EFFECT of music 
or the intelligibility of speech is spoiled by bad 
acoustics 1n an auditorium, the audience is well 
aware that acoustics do play a most important part 
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in the appreciation of the program. One may not 
be conscious of this fact when the acoustical condi- 
tions are good, but a simple illustration will show 
that the effect still is present. Thus, of the sound 
energy reaching a member of the audience as much 
as 90 per cent may have been reflected one or more 
times from the various surfaces of the room, and only 
10 a cent received directly from the source of the 
sound. 


'-MEASURED VALUES - EMPTY 
2-MEASURED VALUES — FULL AUDIENCE 
3-ACCEPTED OPTIMUM FOR DIRECT LISTENING 
4—ACCEPTED OPTIMUM FOR MONAURAL PICK UP 
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Fig. 1. Reverberation characteristics of 


Academy of Music, Philadelphia, Pa. 


In listening to reproduced sound in an auditorium 
or concert hall, the effect of the room acoustics is 
perhaps even more important, for in this case the 
audience does not see any one on the stage and must 
rely entirely upon the auditory effect to create the 
illusion of the presence there of an individual or a 
group. Imperfections in the reproduced sound that 
are caused by defects in the acoustics of the audi- 
torium may destroy the illusion and be ascribed 
improperly to the reproducing system itself. 

In some types of reproduced sound, radio broad- 
cast for example, where the reproduction normally 
takes place in a small room, the attempt is made to 
create the illusion that the listener is present at the 
source.+2 In the case considered here, however, 
where symphonic music is reproduced in a large 
auditorium, the ideal is to create the illusion that the 
orchestra is present in the auditorium with the 
audience. Since the orchestra is playing in one 
large room and the music is heard in another, the 
acoustical conditions prevailing in both must be 
considered. 


Pick-Up CONDITIONS 


The source room is the auditorium of the American 
Academy of Music in Philadelphia. This room has a 
volume of approximately 700,000 cu ft, and a seating 
capacity of 3,000. Measured reverberation time 
curves for this auditorium, and preferred values** 
for a room of this volume, are givenin Fig. 1. It may 
be seen that with a full audience this room might be 
considered somewhat dead, but would be considered 
generally satisfactory for pick-up either with or 
without an audience. A floor plan of the Academy 
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auditorium and stage, showing the location of the 3 
microphones used, is given in Fig. 2. The microphone 
positions were selected after judgment tests using 
several locations and are much nearer the orches- 
tra than they would be for single channel pick- 
up.” The use of the microphones near the orches- 
tra results in picking up a high ratio of di- 
rect to reverberant sound and thus reduces the 
effect of reverberation in the source room upon the 
reproduced music. A high ratio of direct sound is 
desirable in the present case also because of the use of 
3 channels. The perspective effect obtained with 3 
channels depends to a considerable extent upon the 
relative loudness at the 3 microphones, and since the 
change in loudness with increasing distance from the 
source is marked for the direct sound only, and not 
for the reverberant, there would be a definite loss in 
perspective effect if the microphones were placed at 
a greater distance from the orchestra. This effect is 
discussed more fully in another paper of this sym- 
posium. 

With the microphones located close to the orches- 
tra their response-frequency characteristics will be 
essentially those given by the normal field calibra- 
tion, since relatively little energy is received from the 
sides and back. For a distant microphone position 
it would be necessary to use the random incidence 
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Fig. 2. Floor plan of Academy of Music, showing 
location of microphones 


response characteristic, which differs from the normal 
because of the variation in directional selectivity of 
the microphones as the frequency varies. This 
difference in response characteristic depends upon 
the size of the microphone and may amount to as 
much as 10 db at 10,000 cps. It may be pointed out 
here that this difference in response is one factor 
frequently overlooked in the placement of micro- 
phones. 

In addition to the 3 microphones regularly used, 
a fourth was provided to pick up the voice when a 
soloist accompanied the orchestra. In this case only 
the 2 side channels were used for the orchestra, the 
voice being transmitted and reproduced over the 
center channel. The solo microphone was so 
shielded by a directional baffle that it responded 
mainly to energy received from a rather small, solid 
angle. This arrangement permitted independent 
volume and quality control for the vocal and orches- 
tral music. 
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THE CONCERT HALL 


The music was reproduced before the audience in 
Constitution Hall in Washington, D.C. This hall 
has a volume of nearly 1,000,000 cu ft, and a seating 
capacity of about 4,000. A floor plan of the audi- 
torium showing the location of the loud speakers and 
of the control equipment is given in Fig. 3. The 
loud speakers are placed so that each of the 3 sets 
radiates into a solid angle including as nearly as 
possible all the seats of the auditorium. Figure 4 
shows the reverberation-frequency characteristics of 
Constitution Hall. The values given by the curve 
for the empty hall were measured through the use of 
the 3 regular loud speakers and several microphone 
positions in the room. The values for the hall with 
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Fig. 3. Floor plan of Constitution Hall, Washing- 
ton, D. C., showing locations of loud speakers 


an audience present were calculated from known 
absorption data for an audience, and the optimum 
values are taken from accepted data for an audi- 
torium of the volume of this one. The reverbera- 
tion times were considered satisfactory and no 
attempt was made to change them for this demon- 
stration. The reverberation time measurements 
for both Constitution Hall and the Academy of 
Music were made with the high speed level recorder.® 
This instrument measures and plots on a moving 
paper chart a curve the ordinate of which is pro- 
portional to the logarithm of the electrical input 
furnished to it. When used in connection with a 
microphone for reverberation time measurements. 
curves are obtained showing the intensity of sound 
at the microphone during the period of sound decay. 
The rates of decay, and hence the reverberation 
times, are obtainable immediately from the slopes of 
these recorded curves and the speed of the paper chart. 
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CALIBRATION OF THE SYSTEM 


In calibrating the system, a heterodyne oscillator 
connected to the loud speakers through the ampli- 
fiers was used. The oscillator was equipped with a 
motor drive to change the frequency, and as the 
frequency was varied through the range from 35 to 
15,000 eps the sound was picked up with a micro- 
phone connected to the level recorder. Continuous 
curves of microphone response as a function of — 
frequency thus were obtained for several positions 
in the auditorium, and for each channel independ- 
ently. These response curves provided a check on a 
uniform coverage of the audience by each loud 
speaker, and also provided data for the design of the 
equalizing networks required to give an over-all flat 
response-frequency characteristic. If the system, — 
including the air path from the loud speakers to one 
position in the auditorium, is made flat, it will not, 
in general, be flat for other positions or for other 
paths in the room. This variation in characteristic 
is due partly to the variation in the ratio of direct to 
reverberant sound, and partly to the fact that the 
sounds of higher frequency are absorbed more 
rapidly by the air during transmission.*’ This 
latter effect is of considerable importance; it depends 
upon the humidity and temperature of the air, and 
may cause a loss of more than 10 db in the high 
frequencies at the more distant positions in a large 
auditorium. Some compromise in the amount of 
equalization employed therefore is necessary. Prob- 
ably the most straightforward procedure would be to 
design the networks according to the response curves 
obtained with the microphones near the loud speak- 
ers. This would insure that for both the response 
measurements and the pick-up the microphone 
characteristics would be the same, and any deviation 
from a uniform response in the microphones would 
be corrected for in this way, along with variations in 
the loud speaker output. This procedure was 
modified somewhat for the case under discussion, 
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however, because by far the greater portion of the 
audience was at a distance from the stage such that 
they received a relatively large ratio of reverberant 
sound, and it was believed that a better effect would 
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be achieved by equalizing the system characteristic 
in accordance with response measurements taken at 
some distance from the loud speakers. 


CONTROL EQUIPMENT 


In addition to the equalizing circuits used to ob- 
tain a uniform response characteristic, 2 sets of 
quality control networks which could be switched in 
or out of the 3 channels simultaneously were em- 
ployed. One set modified the low frequencies as 
shown at A, Bb, and C of Fig. 5, while the other 
gave high frequency characteristics as shown at D, 
FE, F, and G. These latter networks permitted the 
director to take advantage of the fact that the 
electrical transmission and reproduction of music 
permits the introduction of control of volume and 
quality which can be superimposed on the orchestral 
variations. Quality of sound can be divorced from 
loudness to a greater degree than is possible in the 
actual playing of instruments, and the quality can 
be varied while the loudness range is increased or 
decreased. Electrical transmission therefore not 
only enlarges the audience of the orchestra, but also 
enlarges the capacity of the orchestra for creating 
musical effects. 

The quality control networks and their associated 
switches were mounted in a cabinet (Fig. 6) at the 
right side of the director’s position. Continuously 
variable volume controls for the 3 channels were 
mounted on a common shaft and housed in the 
center cabinet of Fig. 6. A separate control for the 
center channel was provided when that was used for 
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Fig. 5. Transmission characteristics of quality con- 
trol networks used in the Philadelphia- Washington 
experiment 
the soloist. In addition to the high quality channels 


certain auxiliary circuits were supplied to aid the 
smoothness of performance. Supplementing the 
order wire connecting all technical operators, a 
monitor circuit was provided in the reverse direction. 
The microphone was located on the cabinet before the 
director, and loud speakers were connected in the 
control rooms and on the stage with the orchestra, 
enabling the control operator to hear what went on 
in the auditorium and allowing the director to speak 
to the orchestra. Two useful signal circuits were 
employed; one giving the orchestra a “play” or 
“listen” signal, and at the same time connecting 
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either the auditorium or the orchestra’s loud speak- 
ers, respectively; the other being a ‘‘tempo’”’ signal 
to the assistant director leading the orchestra that 
could be operated during the rendition of the music. 
The switches for the auxiliary circuits and the order 
wire subset are shown at the control operator's 
position at the left in Fig. 6. 

That a reproducing system may have quite differ- 
ent characteristics in different auditoriums is well 
illustrated in the case of the 2 halls considered here. 
From Fig. 3 it may be seen that in Constitution Hall 
the stage is built into the auditorium itself, and that 


Fig. 6. Cabinets housing quality control networks 
and providing communication facilities for operation 


there is no back stage space. The Academy of 
Music, however, has a large volume back stage. 
When the orchestra plays in the Academy the 
reflecting shell shown in Fig. 2 is used to concentrate 
the radiated sound energy toward the audience. 
When the reproducing system was set up in the 
Academy the shell could not be used because of the 
stage and lighting effects desired, and a large part of 
the energy radiated by the loud speakers at the low 
frequencies was lost back stage. The loss of low 
frequency energy is attributable partly to the fact 
that the loud speakers cannot well be made as 
directional for the very low frequencies as for the 
higher. The loss amounts to about 10 db at 35 eps, 
and becomes inappreciable at 300 cps or more, as 
measured in comparable locations in the 2 audi- 
toriums. This difference in characteristics empha- 
sizes the fact that for perfect reproduction the 
acoustics of the auditorium must be considered as a 
part of the system, and that in general the equalizing 
networks must have different characteristics for 
different auditoriums. 
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Nowe 


Of Lastitute and Related Activities 


Winter Convention Program Provides 


Attractive Technical and Social Activities 


A SCHEDULE of events which has 
been codrdinated to provide a good balance 
between both business and social activi- 
ties has been arranged for the winter con- 
vention of the A.I.E.E. to be held during 
the 4 days of January 23-26, 1934, in the 
Engineering Societies Building, 33 West 
39th Street, New York, N. Y. Eleven 
technical sessions to be held during the 
mornings and afternoons of the first 3 days 
will present some of the most recent develop- 
ments in electrical engineering. Inthe even- 
ings a smoker, the Edison Medal presenta- 
tion, a demonstration of transmission and 
reproduction of music, and the dinner-dance 
will be held. Special entertainment also is 
being arranged by the ladies entertainment 
committee, and will include a luncheon- 
bridge. Friday, the last day of the conven- 
tion, will be devoted entirely to inspection 
trips; in addition, arrangements have been 
made to visit points of interest at other 
times. Altogether, the convention, which be- 
gins on Tuesday and ends on Friday, will 
be crowded with activity. In addition to 
this program, there will be a meeting of the 
board of directors at Institute headquarters 
on- Monday, January 22, at 2:15 p.m., 
the day preceding the opening of the con- 
vention. 


SCHEDULE OF EVENTS 


A summarized schedule of events follows. 
Capital letters A, B, etc., denote technical 
sessions. 


Tuesday, January 23 


9:00am. Registration 
10:00 a.m. Opening of convention 
10:30 a.m. A—Protective devices 
B—Transportation 
2:00 p.m. C—Symposium on electric power 
switching 
6:00 p.m. Smoker 
Wednesday, January 24 
10:00 a.m. D—Power transmission 
E—Education 
Meeting of committee on educa- 
tion and committee on Student 
Branches 
1:00 p.m. Ladies luncheon and bridge 
2:00 p.m. F—Communication; symposium on 
transmission and reproduction of 
speech and music in auditory per- 
spective 
G—Symposium on electric furnaces 
8:15 p.m. Edison Medal presentation 


Transmission and reproduction of 
speech and music in auditory per- 
spective 


Thursday, January 25 


10:00 a.m. H—Power distribution 
I—Electrical machinery 
2:00 p.m. J—Electrical machinery 
K—Electrical measurements 
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The New Brunswick, N. J., station of R.C.A. Communications, Inc., which is included on an 
inspection trip to be held Friday, January 26, 1934, during the Institute’s forthcoming annual 


winter convention. 


Shown here are 2 Alexanderson 200-kw 27,000-cycle alternators. Be- 


hind the units, at the left, are the radio frequency transformers, with the compensating rheostats 


at the rear. 


7:00 p.m. Dinner-dance 
9:00 p.m. Dance and buffet supper 


Friday, January 26 
All day Inspection trips 


TECHNICAL SESSIONS 


The tentative technical program as 
announced in ELECTRICAL ENGINEERING for 
December 1933, p. 928-30 is complete ex- 
cept for the following additional session and 
papers: 

On Wednesday, January 24, at 10:00 
a.m., a session on education will be held 
combined with a joint meeting of the 
comuittee on education and the committee 
on student branches. At this session it is 
expected to have Dean Doherty say a few 
words regarding the special series of articles 
on post college education new scheduled 
for month-by-month publication in ELEc- 
TRICAL ENGINEERING. A brief abstract 
of the present activities of the committee 
on education and the committee on Student 
Branches will be presented by L. A. Dog- 
gett, chairman of both committees. Then 
a paper will be presented on ‘‘The Univer- 
sity of Pittsburgh-Westinghouse Graduate 
Program” by H. E. Dyche, University of 


Water pumps, not shown in this view are at the right of the alternators 


Pittsburgh, and R. E. Hellmund, Westing- 
house Elec. and Manufacturing Company. 
Dean Barker will review to date the activi- 
ties of the Engineers’ Council for Profes- 
sional Development (E. C. P. D.) and the 
meeting will conclude with discussion of 
the Dyche-Hellmund paper, other items 
referred to above, and any new business. 

The symposium on electrical power 
switching to be held on Tuesday, 2:00 p.m., 
will be opened with an introduction pre- 
pared by A. H. Lovell, University of 
Michigan. 

At the communication session to be 
held on Wednesday, 2:00 p. m., the sym- 
posium on long distance transmission and 
reproduction in auditory perspective of 
symphonic music will be preceded by the 
presentation of a paper entitled “Stabilized 
Feedback Amplifiers’? by H. S. Black, Bell 
Telephone Laboratories, Inc. The follow- 
ing paper has been added to the above- 
mentioned symposium: ‘‘Loud Speakers 
and Microphones” by E. C. Wente and 
A. L. Thuras, Bell Telephone Laboratories, 
Ine. 

The symposium on electric furnaces will 
also include an additional paper entitled 
“Tron and Its Production in the Cupola 
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and the Electric Furnace” by M. V. Healey, 
General Electric Co. 

As all of the papers for the winter conven- 
tion program will have been published 
in advance of the convention, it is expected 
that exceptionally valuable discussions will 
take place at the meetings. Winter con- 
vention papers published in this issue and 
the 2 issues immediately preceding it have 
_ been designated by a star before the title 
in the table of contents. The only paper 
not published in these issues is the one 
entitled ‘‘Power Limit of a Transmission 
System” by W. S. Peterson which appeared 
in ELECTRICAL ENGINEERING for August 
1938, p. 569-72. 


EpiIson MEDAL PRESENTATION 


The Edison Medal will be presented to 
Dr. Arthur E. Kennelly in the engineering 
auditorium on the evening of Wednesday, 
January 24, at 8:15 p.m. The medal has 
been awarded to Dr. Kennelly “for meri- 


torious achievements in electrical science, 


electrical engineering, and the electrical 
arts as exemplified by his contributions to 
the theory of electrical transmission and to 
the development of international electrical 
standards.” Further details of this award 
are included in a “‘personal’’ item on p. 
232 of this issue. In view of the limited 
seating capacity, admission this year will 
be by ticket only. 


TRANSMISSION AND 
REPRODUCTION OF SPEECH AND 
Music IN AUDITORY PERSPECTIVE 


The following statements prepared by Bell 
Telephone Laboratories, Inc., give the high- 
lights of the convention’s most striking 
demonstration: 


“The technical features of this accom- 
plishment in telephonic communication 
are to be presented in a symposium of papers 
by Bell System engineers at the midwinter 
convention of the American Institute of 
Electrical Engineers on the afternoon of 
January 24, 19384. On the evening of that 
day, as part of the convention program, 
there will be a demonstration of this new 
communication system in the auditorium of 
the Engineering Societies Building, 29 West 
39th Street, New York. This demonstra- 
tion, in charge of Dr. Harvey Fletcher, 
physical research director, Bell Telephone 
Laboratories, will illustrate the character 
and range of the effects that can be produced 
with this system. 

“During the course of this demonstration 
Dr. Fletcher will describe the essential ap- 
paratus of the system and demonstrate its 
applicability to reproducing, with complete 
illusion of reality, a variety of sounds in- 
cluding speech and orchestral music. 

“This system of electrical communication 
was briefly reported upon to the National 
Academy of Sciences in April 1933, in a 
paper by Dr. F. B. Jewett, vice-president of 
the American Telephone and Telegraph 
Company and president of Bell Telephone 
Laboratories. At that time a public demon- 
stration of the new equipment was given 
in which a program of the Philadelphia 
Orchestra was transmitted from Phila- 
delphia and reproduced with exact auditory 
perspective upon the stage of Constitution 
Hall in Washington. The physical char- 
acteristics of the system also, were at that 
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time briefly described by Dr. Fletcher and 
demonstrated through a few experiments. 

“The forthcoming symposium of papers 
will be the definitive presentation of the 
technical features of this accomplishment; 
and Dr. Fletcher’s program of demon- 
stration, an equally complete illustration 
of the remarkable range and unique psycho- 
logical effects of the system. 

“During the week following the A.I.E.E. 
convention similar demonstrations will be 
given through the courtesy of Dr. Fletcher 
and the Bell Laboratories to the following 
societies: Institute of Radio Engineers, 
Society of Motion Picture Engineers, 
Acoustical Society of America, and the New 
York Electrical Society.” 

Because the seating capacity of the audi- 
torium is limited and a large demand is 
anticipated for seats, admission will be by 
ticket only. These may be obtained with- 
out charge, at the convention registration 
desk. The demonstration will be held 
immediately after the Edison Medai presen- 
tation. 


ENTERTAINMENT AND Social ACTIVITIES 


The smoker will be held in the En- 
gineering Societies Building on Tuesday 
evening, January 23, at 6:00 p.m. In 
addition to a buffet dinner there will be 
movies and an excellent show in the audi- 
torium. Tickets will be $2.75 per person 
and cover all events. 


ANNUAL DINNER-DANCE 
PRESENTS NOVEL FEATURES THIS YEAR 


The annual A.I.E.E. dinner-dance will be 
held Thursday, January 25, at the Wal- 
dorf Astoria Hotel, Park Avenue at 50th 
Street. As an innovation, it is to be a 
combination dinner-dance and dance-buffet 
supper. All the pleasurable features of 
previous years associated with the A.I.E.E. 
dinner-dances will be retained, but for those 
members and their guests who prefer to 
omit the formal dinner, the dance-buffet is 
offered. Music is by George Ellner’s 
Orchestra. Following are the costs of 
tickets: 


Dinner and dance reservation at $5. 

Dance and buffet supper at $3. 

For dinner-dancers an additional $1 to include the 
buffet-supper 


The program is as follows: 


7:00 p.m. Reception to President Whitehead— 
Basildon Room 

7:30 p.m. Annual dinner-—Astor Gallery 

9:00 p.m.—-2 a.m. Dancing—Jade Room 

Buffet-supper service from midnight to 2:00 a.m.— 

Astor Gallery 


The Basildon and Jade Rooms, together 
with the Astor Gallery, all fine examples of 
architectural art, are so equipped as to 
afford an excellent setting for this occasion. 
A most tempting dinner menu has been 
prepared and Oscar has assured us that he 
will make the most of this first opportunity 


& : 
Fairchild Aerial Surveys Inc., Photo 


An airplane view of lower Manhattan, looking across the East River, and with the Hudson 
Avenue generating station of the Brooklyn Edison Company in the foreground. New York 
City, which presents not only many striking scenes, but also many points of considerable en- 
gineering interest, is as usual the setting for the annual winter convention of the Institute, to be 
held this year, January 23-26. Back of the Hudson Avenue station and slightly to the left may 
be seen the older Gold Street station of the Brooklyn Edison Company, and beyond that, first, 
Manhattan Bridge, and then Brooklyn Bridge, with the Burling Slip station of the New York 
Steam Corporation just visible across the tops of the bridges, and almost shadowed by the tall 
buildings behind it 
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to “‘sell’? us on the Waldorf. Transporta- 
tion by subway is convenient and parking 
facilities will be provided by the Waldorf 
for a moderate fee. 

Tables will be laid for 8 or 10 places. 
Send requests for tickets to the A.I.E.E. 
dinner-dance committee, 33 West 39th 
Street, New York City, and make checks 
payable to H. H. Henline, national secre- 
tary. Every effort will be made to comply 
with requests for the seating arrangements 
of members and their guests. To assist 
the committee in making arrangements, 
please purchase tickets early. 


INSPECTION TRIPS 


The inspection trips committee will 
endeavor to make available to the member- 
ship opportunities to visit a number of 
points of interest, some of which have been 
chosen because of their relationship to sub- 
jects. covered in the technical program. It 
is planned to arrange for privileges to visit 
the following points on one or more days: 


1. Electrical switch galleries, Hudson Avenue 
generating station, Brooklyn Edison Company 


2. Roseland switching station, Public Service 
Electric and Gas Company, N. J. 

8. 132-kv transformer substation, Pennsylvania 
Railroad 

4. A-C calculating board, Pennsylvania Station, 
New York 

5. Electric locomotive, Pennsylvania Railroad 


6. Carrier current protective relays, Dunwoodie 
substation, 132-kv connection between generating 
stations in New York City with Niagara Hudson 
System 

7. Electrical Testing Laboratories 

8. Operating rooms of commercial telegraph com- 
panies 

9. Electrical Research Products, Inc. 


10. Electrical Institute of the Electrical Associa- 
tion of New York, Inc. 
11. New York Museum of Science and Industry 


Tentative plans are in progress for the 
arrangement of a special all-day motor bus 
trip to be made on Friday, January 26, 
over a route covering a large area in the 
northern part of the State of New Jersey, 
stopping for inspection of commercial long- 
wave and short-wave radio communication 
stations. The route will be chosen so as to 
include several points of historic and scenic 
interest as well. Some of the features of 
the trip are: Holland vehicular tunnel; ele- 
vated express highway; New Brunswick 
long-wave radio telegraph station of RCA 
Communications, Inc., where Alexanderson 
induction alternators may be seen; campus 
of Rutgers University; campus of Prince- 
ton University; Lawrenceville short-wave 
radio telephone transmitting station of the 
A. T. &. T. Co.; Washington Crossing 
State Park; Netcong short-wave radio re- 
ceiving station of the A. T. & T. Co.; 
Morristown; and Newark. The cost of 
this trip and further information will be 
available at the inspection trips desk during 
the convention. Please make your reserva- 
tions promptly upon arrival at the conven- 
tion so that the committee may complete 
arrangements, 


REGISTER IN ADVANCE 


Fill in and post promptly the mail 
registration card which was included with 
the mailed announcement of the winter 
convention sent to members in nearby Dis- 
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Bring Your E.E.’s to the Convention 


In accordance with the provisions of 
the Institute’s new publication policy, 
all papers scheduled for discussion at 
the winter convention have been pub- 
lished in ELECTRICAL ENGINEERING 
and thus circulated to the entire mem- 
bership. Inasmuch as pamphlet 
copies of these papers will not be 
available, members attending the 
convention may wish to bring with 
them their August, November, and 
December 1933, and January 1934 
issues. 


tricts. This will permit the committee to 
have badges ready and prevent congestion 
at the registration desk upon arrival. 
There will be a registration fee of $2 for 
nonmembers with the exception of Enrolled 
Students of the Institute, and the wives and 
children of members. 

Reservations for hotel accommodations 
should be made by writing directly to the 
hotel preferred. 


REDUCED RAILROAD RATES 


Fare and one-third for the round trip 
over the same route will be available to 
members and guests, provided 100 certifi- 
cates are validated at the registration desk. 
Consult your local ticket agent regarding the 
territory and dates applicable as all passen- 
ger associations have not granted reduced 
rates. Obtain your certificate authorized 
by the railroad passenger associations. 


A.1.E.E. Executive 


Committee Meets 


In accordance with action of the board 
of directors, in October 1933, a meeting of 
the executive committee of the American 
Institute of Electrical Engineers was held 
at Institute headquarters, New York, N. Y., 
December 8, 1933, in place of the regular 
December meeting of the board of direc- 
tors. 

Present were: John B. Whitehead, 
chairman; H. P. Charlesworth, J. Allen 
Johnson, Everett S. Lee, E. B. Meyer, 
C. E. Skinner, and W. I. Slichter, of the 
executive committee; A. E. Knowlton 
and R. W. Sorensen, members of the board 
of directors; and H. H. Henline, national 
secretary. 

In memory of Past-President Calvert 
Townley, the committee adopted a resolu- 
tion, which is published elsewhere in this 
issue. 

A report of a meeting of the board of 
examiners held on November 15, 1933, 
was presented and approved. Upon the 
recommendation of the board of examiners, 
the following actions were taken upon pend- 
ing applications: 1 applicant was elected 
and 4 were transferred to the grade of Fel- 
low; 11 applicants were elected and 15 were 
transferred to the grade of Member; 45 
applicants were elected to the grade of 
Associate; 767 Students were enrolled. 


The finance committee reported dis- 
bursements amounting to $18,740.83 for 
the month of November. Report ap- 
proved. 

Upon the recommendation of the Sec- 
tions committee, approval was given to a 
petition for authority to organize a New 
Orleans Section of the Institute, with a terri- 
tory embracing the entire state of Louisiana. 

Professor W. I. Slichter was reappointed 
a representative of the Institute on the 
library board of the United Engineering 
Trustees, Inc., for the 4-year term be- 
ginning January 1, 1934. 

The following were appointed as repre- 
sentatives of the Institute upon the as- 
sembly of American Engineering Council 
for the year 1934: C. O. Bickelhaupt, F. J. 
Chesterman, William McClellan, C. E. 
Stephens, John B. Whitehead, and H. H. 
Henline, alternate. 

It was decided that the January meeting 
of the board of directors will be held on 
Monday afternoon, January 22, 1934. 

Other matters were discussed, reference 
to which may be found in this and future 
issues of ELECTRICAL ENGINEERING. 


Nominating Committee 
Announces Candidates 


A complete official ticket of candidates 
for the Institute offices that will become 
vacant August 1, 1934, was selected by the 


national nominating committee at its meet-_ 


ing held at Institute headquarters, New 
York, N. Y., December 7, 1933. This 
committee, in accordance with the consti- 
tution and by-laws, consists of 15 members, 
one selected by the executive committee 
of each of the 10 Geographical Districts 
and the remaining 5 selected by the board 
of directors from its own membership. 

The following members of the committee 
were present: C. R. Beardsley, Brooklyn, 
N. Y.; H. P. Charlesworth, New York, 
N. Y.; A. F. Darland, Tacoma, Wash.; 
O. J. Ferguson, Lincoln, Neb.; P. S. 
Harkins, Philadelphia, Pa.; A. H. Hull, 
Toronto, Ont.; G. A. Kositzky, Cleve- 
land, Ohio; F. H. Lane, Chicago, IIL; 
Everett S. Lee, Schenectady, N. Y.; W. 
E. Mitchell, Atlanta, Ga; L. W. W. 
Morrow, New York, N. Y.; G. H. Quer- 
mann, St. Louis, Mo.; R. W. Sorensen, 
Pasadena, Calif.; A. C. Stevens, Sche- 
nectady, N. Y.; H. R. Woodrow, Brooklyn, 
INFeye 

Following is a list of the official candidates 
selected by the committee: 


For PRESIDENT 


J. Allen Johnson, chief electrical engineer, Buffalo, 
Niagara & Eastern Power Corporation, Buffalo, 
INES 


For VICE-PRESIDENTS 

North Eastern District (No. 1): W. H. Timbie, 
professor of electrical engineering and industrial 
practice, Massachusetts Institute of Technology, 
Cambridge, Mass. 

New York City District (No. 3): R. H. Tapscott, 
vice-president, New York Edison Company, New 
York, N. Y. 

Great Lakes District (No. 5): G. G. Post, vice- 
president, Milwaukee Electric Railway & Light 
Company, Milwaukee, Wis. 

South West District (No. 7): F. J. Meyer, vice- 
president in charge of operation, Oklahoma Gas & 
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Electric Company, Oklahoma City, Okla. 


North West District (No. 9): F. O. McMillan, 
research professor of electrical engineering, Oregon 
State College, Corvallis, Ore. 


For Drirecrors 
F. M. Farmer, vice-president and chief engineer, 
Electrical Testing Laboratories, New York, N. Y. 


N. E. Funk, vice-president in charge of engineering, 
Philadelphia Electric Company, Philadelphia, Pa. 


H. B. Gear, assistant to the vice-president, Com- 
monwealth Edison Company, Chicago, III. 


For NATIONAL TREASURER 


W. I. Slichter, professor of electrical engineering, 
Columbia University, New York, N. Y. 


The constitution and by-laws of the 
Institute provide that the nominations made 
by the national nominating committee 
shall be published in the January issue of 
ELECTRICAL ENGINEERING. Provision is 
made for independent nominations as indi- 
cated in the following excerpts from the 
constitution and by-laws: 


CONSTITUTION 


Sec. 31. Independent nominations may be made 
by a petition of twenty-five (25) or more members 
sent to the national secretary when and as provided 
in the by-laws; such petitions for the nomination 
of vice-presidents shall be signed only by members 
within the District concerned, 


' By-Laws 


Src. 23. Petitions proposing the names of candi- 
dates as independent nominations for the various 
offices to be filled at the ensuing election, in ac- 
cordance with Article VI, Section 31 (Constitution), 
must be received by the secretary of the national 
nominating committee not later than February 15 
of each year, to be placed before that committee 
for the inclusion in the ballot of such candidates as 
are eligible. 


On the ballot prepared by the national nominating 
committee in accordance with Article VI of the 
Constitution and sent by the national secretary to 
all qualified voters during the first week in March of 
each year, the names of the candidates shall be 
grouped alphabetically under the name of the 
office for which each is a candidate. 


(Signed) National Nominating Committee 
by H. H. HENLINE, 
Secretary 


BIOGRAPHIES OF NOMINEES 


That those not personally acquainted 
with the nominees may know something of 
them and their qualifications for the 
Institute offices for which they have been 
recommended, brief biographical sketches 
are given on p. 230-2 of this issue. 


Engineers Urged to Greater 
Activity in Local Affairs 


Under the thought-provoking title of 
“Help Yourselves!’’ the following editorial 
prepared by the Professional Engineers’ 
Committee on Unemployment, serving the 
metropolitan area of New York, N. Y., was 
released by the P.E.C.U. to the engineering 
societies: 

“In a radio address, delivered on Sunday, 
October 15, 1933, our great leader of Ameri- 
can thought in time of stress, the President, 
declared strongly against the policy of pass- 
ing the relief-work ‘buck’ to the Federal 
Government, He declared that the com- 
munity, the village, town, city, state—the 
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ultimate unit in our social and economic 
scheme—must do its share and call upon 
Washington only as a last resort. 

Bhs is this pronouncement, the Profes- 
sional Engineers’ Committee on Unemploy- 
ment, organized in 1931 to cope with prob- 
lems of unemployment in the engineering 
profession, can cordially subscribe. 

“It is not by a 8-billion-dolar public 
works program that enough people, es- 
pecially professional engineers and trained 
technical men can be provided with em- 
ployment. 

“What kind of men will a program of 
road building, bridges, tunnels, public 
buildings, naval construction, employ? 
The vast majority will comprise laborers, 
sand-hogs, steel erectors, concrete-men and 
some building trade mechanics. The equip- 
ment required has been rusting in the yards 


for 4 years. It will probably be brought 
out, dusted off, oiled, and put to work. 
There will be little enough demand for new 
equipment, so that the effect upon factory 
production will not be conspicuously 
marked. 

“But if each community will look around 
and see what work it can undertake, that 
will be another matter. There is hardly 
a village in the country which has not some 
neglected project or crying need for im- 
provement ready to be undertaken at once. 
Water works, sewage disposal, street 
widening, transportation systems, airports, 
municipal buildings, paving, new equip- 
ment for police, fire, sanitary, hospital 
departments, bridges, docks, freight ter- 
minals, parks; slum clearance in which 
private capital is willing enough to interest 
itself with reasonable encouragment—all 


N November 27, 1933 there was 
removed from our ranks, Calvert 


Townley, thirty-second president of 
the American Institute of Electrical 
Engineers. 


From the earliest days of his profes- 
sional career, when on graduating from 
Sheffield Scientific School he entered the 
employ of the Brush 
Electric Light Com- 
pany, down through 
his connections with 
the Boston subways, 
the N. Y., N. H., & 
H. electrification 
and his many years 
of affiliation with the 
Westinghouse Elec- 
tric and Manufectur- 
ing Company, Cal- 


vert Townley ex- 
hibited an unusual 
ability to grasp 


quickly the technical 
details of the prob- 
lems which  con- 
fronted him, particu- 
larly as those details 
affected the managerial phases for which 
he was so often responsible. So also 
in his years of service devoted to the 
Institute and to the welfare of the pro- 
fession which he had chosen, he ex- 
hibited the same quick grasp of detail 
and thorough understanding of problems 
as a Whole. Entering the Institute in 
1901 he became a Fellow in 1912. His 
executive ability soon brought him elec- 
tion as manager in 1905, vice-president 
in 1908 and president in 1919. He 
gave much of his time to the questions 
coming before the public policy com- 
mittee serving as chairman for over 5 
years. Recognition of his thorough 
understanding of the needs of the pro- 
fession was indicated in his selection as 


in Memoriam 


CALVERT TOWNLEY 


chairman of the Committee on Develop- 
ment of the Institute end, likewise, his 
election to trusteeship in the United 
Engineering Society and the Engineering 
Foundation board. 

Throughout his professional life, both 
before and since his presidency, he 
wes constant in his active interest in the 
affairs: of the Insti- 
tute, especially in 
those questions per- 
taining to the dig- 
nity and elevation of 
the profession of en- 
gineering. At the 
time of his death 
he was giving freely 
of his counsel and 
time in important 
Institute activities of 
this type in the Co- 
ordination Commit- 
tee of Engineering 
Sore Gieikvag. |)t 
would be difficult to 
overstate the value 


of his services to 
both Institute and 
profession. His loss is all the more 


serious at this time of agitation and un- 
certainty. 

It is therefore with a keen sense of 
inability to evaluate in words the part 
which Calvert Townley has played in 
our ranks and the loss which the profes- 
sion sustained when he passed on that 
we order this minute be spread upon 
the records, and that it be transmitted to 
his family and associates as an expres- 
sion of appreciation and admiration 
from those who were privileged to 
work with him in the American In- 
stitute of Electrical Engineers. 


—A.|.E.E. Executive Committee, Dec. 8, 1933 
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these are desperately needed in every com- 
munity in the country, having now been 
neglected for years. 

“And they would all employ engineers, 
not only in the work itself but in making 
the material and equipment necessary to 
carry it out. If all this were to be under- 
taken it would involve many more than 3 
billions of expenditure. The normal build- 
ing construction program amounts to 6 
billions as does the steel industry and the 
automobile industry. In fact, our total 
years business added up to 88 billions of 
dollars in 1928. 

“But, how to get this vast program under 
way? The answer is to bring pressure to 
bear in the individual community. And the 
engineer can do his share there, too, as a 
citizen as well as a technically trained, and, 
therefore, super-useful member of the 
community. 

“The engineer is all too prone to sit back 


and watch the self-appointed governors of 
his home town, the local druggist, doctor, 
lawyer, banker, run the place, while he 
patiently awaits the result of their decisions. 
They elect themselves to the local board of 
supervisions, the State legislature, Con- 
gress, and settle, in their own political way, 
the engineering improvements which are to 
be made. 

“Engineers! Wake up! Take a hand 
in your local government, the activities in 
your community. You know far more 
about the engineering needs of a town and 
how to execute it than the local politicians. 
Take the lead and get some of the local 
projects going. Organize the opinion of the 
substantial citizens. Get your newspaper 
interested. Take the side of good govern- 
ment. Towns can raise capital when in- 
dividuals cannot. 

“Tt is only by such capital investments 
that you and all engineers can live.” 


E.C.P.D. Committee on Professional Recognition 


Commented Upon by C. N. Lauer and Dean Barker 


Tue committee on professional recogni- 
tion, one of the 4 working committees of the 
newly organized Engineers’ Council for 
Professional Development, has already 
actively undertaken its duties and has 
accomplished tangible results. These are 
summarized in the following article prepared 
by Conrad N. Lauer, chairman of the com- 
mittee, and J. W. Barker, the representa- 
tive of the A.J.E.E. upon this committee. 
This article was prepared for ELmcTRICAL 
ENGINEERING by Mr. Lauer and Dean 
Barker, at the request of L. A. Doggett 
(A’18, M’16), chairman of the Institute’s 
committees on Student Branches and on 
education. The article by Mr. Lauer and 
Dean Barker follows: 


E.C.P.D. Brincs 
ENGINEERING GROUPS TOGETHER 


For the first time in the history of the 
engineering profession in the United States 
there has been organized a joint activity 
dedicated to the principle of assisting the 
individual engineer in his personal profes- 
sional development. This organization is 
known as the Engineers’ Council for Pro- 
fessional Development and brings together 
the 5 principal engineering societies—the 
American Society of Civil Engineers, the 
American Institute of Mining and Metal- 
lurgical Engineers, The American Society 
of Mechanical Engineers, the American 
Institute of Electrical Engineers, the Ameri- 
can Institute of Chemical Engineers—to- 
gether with the national society of engi- 
neering educators, the Society for the Pro- 
motion of Engineering Education, and the 
National Council of State Boards of Engi- 
neering Examiners. This is not a super- 
engineering society nor does it parallel or 
interfere with any of the existing established 
agencies. It is purely a coéperative project 
and operates only to recommend to its 
constituent bodies joint action leading 
toward the ideal of enhancing the profes- 
sional development of the engineer. It 
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operates only through recommendations to 
the member bodies, first as to policies and 
when such policies have been approved by 
the member bodies acting individually then 
the Engineers’ Council again comes into 
play in recommending procedures to carry 
out these approved policies. It is highly 
important that every member of our 
American Institute of Electrical Engineers 
shall thoroughly understand these principles 
of action, particularly in considering the 
reports of the Engineers’ Council for Pro- 
fessional Development and its various com- 
mittees. The policies outlined in committee 
reports when approved by the Engineers’ 
Council for Professional Development still 
do not become effective until the individual 
member bodies have severally taken favor- 
able action upon the recommendations. 


SCOPE OF THE E.C.P.D. 
The Engineers’ Council for Professional 


Development considers that its problem 
covers the period in the engineer’s life run- 


‘ning from the first evidence of his inclina- 


tion to become an engineer to the time when 
he finally attains full recognition by the 
professional societies, the engineering edu- 
cational institutions and the state as a full- 
fledged engineer competent to take respon- 
sible charge of engineering work in his 
particular field. To cover this range the 
Engineers’ Council has set up 4 main com- 
mittees on student selection and guidance, 
on engineering schools, on professional train- 
ing, and on professional recognition. 


COMMITTEE ON 
PROFESSIONAL RECOGNITION 


This article is concerned primarily with 
the committee on professional, recognition 
which is composed of the following members: 


Conrad N. Lauer, chairman (Representing The 
A.S.M.E.). President, Philadelphia Gas Works; 
past-president, A.S.M.E.; former chairman 
A.S.M.E. committee on economic status of me- 
chanical engineers. 


Joseph W. Barker (M’26, F’30) (Representing the 
A.1L.E.E.). Dean, school of engineering, Columbia 
University; chairman of committee on university 
relations, engineering division, National Research 
Council; chairman of committee on degrees of 
engineering schools of New York State. 


Frederick M. Becket (Representing the A.I.M.E.). 
President, A.I.M.E.; president, Union Carbide 
and Carbon Research Corporation; vice-president, 
Electro Metallurgical Corporation. 


Frederick L. Bishop (Representing the S.P.E.E.). 
Secretary, S.P.E.E.; professor of physics, Univer- 
sity of Pittsburgh. 


H. C. Parmelee (Representing the A.I.Ch.E.). 
Vice-president, McGraw-Hill Publishing Company; 
former chairman, A.I.Ch.E. committee on engi- 
neering education. 


J. P. H. Perry (Representing the A.S.C.E.). 
Member of board of direction of American Society 
of Civil Engineers; vice-president, Turner Con- 
struction Company. 


David B. Steinman (Representing the N.C.S.B.E.E.) 
President, New York State Society of Professional 
Engineers; former president National Council of 
State Boards of Engineering Examiners; consulting 
engineer of the firm of Robinson and Steinman. 


This committee on professional recogni- 
tion is concerned with recommending 
through the Engineers’ Council for Profes- 
sional Development to the member bodies 
for approval standards for entrance to the 
profession and the methods of establishing 
and maintaining them. If the profession 
is to improve the minimum professional and 
intellectual background of those servants 
of the public to be called engineers it must 
itself establish high standards for those 
qualifications which will render the engi- 
neer a valuable member of society. This 
involves emphasis on social, economic, and 
general cultural training as well as the 
maintenance of high technical standards 
of education and practice. _ ; 


While such a procedure will also improve . 


the status of the engineering profession in 
the eyes of those who use engineering ser- 


vices and in the view of other professions © 


and the public, the primary purpose of all 
the activities of this committee is and 
should be directed toward improving the 
services which the qualified engineer can 
and must render to the public service. 


Po.icy ADOPTED 


To guide the committee in fulfilling its 
purpose the following policy has been 
adopted by the Engineers’ Council for 
Professional Development: 


“The profession should establish as the: 


goal of attainment a series of qualifications 
for which the young man, whether graduate 
or non-graduate, may successfully strive 
continuously from the time he enters upon 
an engineering career. This goal of attain- 
ment, embodied in a certificate,! equivalent 
to the professional degree and having a 
value recognizable as adequate to entitle 
the holder to licensing or registration in a 


state, should be based upon the following 


features: 


a. Certification should be earned, and not granted 
as a mark of honor. 


1. When the recommendations stated later in this 
article have been approved by each of the member 
bodies the committee on professional recognition 
will be concerned with setting up a joint codperative 
examining board, which may be the committee 


itself, or a subcommittee thereof, or an agency inde-’ 


pendent of the committee, to examine and certify 
to the profession those candidates who meet the 
minimum definition of an ‘‘Engineer,”’ as later out- 
lined in this article. 
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%. The code of educational qualifications should be 
more advanced than graduation from college, yet 
attainable by both college and noncollege men. 


c. The attainments should be tested individually 
by examination (written and oral) or the equivalent 


and not gauged by personal estimates and testi- 
monials alone. 


d. Educational qualifications should comprise 
scientific, technical, economic, and civic knowledge 
of a mature order. 


e. The code of experience qualifications should 
normally make the age of certification fall between 
25 and 30. 


Jf. The ultimate certification into the profession 
should be the objective to which both the colleges 
» and the professional societies should exert their 
influence. To this end the colleges should be 
encouraged to aid by granting the professional 
degree only to those who have been thus certified. 


g. The certificate into the profession should be the 
means by which the state registration boards would 
with confidence recognize those essentials which 
they observe as requisite for the registration of 
engineers. 


h. And, similarly, the certificate into the profes- 
sion should be prima facie evidence of technical 
proficiency for admission into the corporate mem- 
bership of the societies. 


“By such a progressive educational pro- 
gram involving selection of proper material, 
its supervised education, intimate contact 
with the profession during the apprentice- 
ship state and the attainment of definite 
specified educational requirements with 
concurrent recognition by professional socie- 
ties, educational institutions, and state 
laws, it is believed that an identity would 
be attained by which those who have not 
developed experience and maturity of engi- 
neering judgment would be recognized as 
assistants in the engineering field and those 
who have attained engineering maturity 
would have an identity universally recog- 
nized by the profession itself and the public 
at large. It is believed that this definition 
of the engineering profession will be of im- 
measurable benefit.” 


Poricy AS AFFECTING 
COLLEGES, STATE BOARDS, AND SOCIETIES 


It should be noted in this policy the 
Committee has suggested placing the ques- 
tion of professional recognition on a more 
scientific basis. It recommends dispensing 


with testimonial opinion alone and substi- 
tuting therefor fact as determined by actual 
examination. This policy furthermore at- 
tempts to avoid duplication either of exami- 
nation by the engineer or by the bodies 
concerned with his professional training. 
As an example, under (f) above it does not 
require that the engineering Alma Mater 
shall be required to grant the professional 
degree to engineers who have been thus 
certified but suggests that those engineering 
colleges desiring to grant professional de- 
grees to their graduates shall codperate in 
the general program by not granting the 
ptofessionai degree prior to the attainment 
of this certification. Many of our engi- 
neering schools at the present time grant 
professional degrees to such of their gradu- 
ates as have been in the practice of engi- 
neering for a certain number of years and 
who submit to the engineering faculty con- 
cerned a suitable thesis on some phase of 
their professional activity. It is quite prob- 
able that when the policies of the committee 
on professional recognition have been ap- 
proved by the member bodies and this com- 
mittee turns its attention to the modus 
operandi of certification it will require as a 
part of the final examination for professional 
recognition a thesis or similar work covexing 
the most important phase of the candidate’s 
professional activity. Such a thesis could 
be submitted simultaneously to the engi- 
neering faculty concerned as well as to the 
certifying board and if the candidate is 
granted certification the engineering school 
could, if it so desired, then grant the pro- 
fessional degree. 

Similarly under (g) above the various 
state licensing and registration boards could 
also recognize this certificate and the 
examination leading up to the certificate as 
covering those essentials which they are 
required to observe as requisite for the 
state registration of engineers. This would 
again avoid duplication of work both by 
the candidate and by the responsible body. 
It should also be noted that there is nothing 
in this policy which requires the candidate 
to become licensed by aay state unless the 
type of work in which he is then or later 


May Be Visited During the Winter Convention 


Asove is shown the 132-kv Elmsford substation of the Westchester (N. Y.) Light- 
ing Company, which incorporates an unusual design of 132-kv structure. In the picture 
at the side is shown carrier current equipment at the Dunwoodie station of the Yonkers 
(N. Y.) Electric Light and Power Company; this is part of the 132-kv Niagara-Hudson 
interconnection. Both of these stations may be visited by those attending the Institute’s 


winter convention, January 23-26, 1934. 
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becomes engaged requires such registration. 

As another example under () above there 
is nothing which requires a candidate to 
assume corporate membership in his pro- 
fessional society when he secures the certifi- 
cate. Jt simply means that the certificate 
is recommended for adoption by each of the 
professional societies as a necessary and 
prima facie evidence of proficiency for ad- 
mission to the corporate membership grade. 


MINIMUM QUALIFICATIONS 
FOR AN ‘‘ENGINEER”’ 


The committee on professional recogni- 
tion reviewed in great detail the present 
requirements for recognition embodied in 
the grades of membership of the participat- 
ing societies, in the ‘‘model’’ law for regis- 
tration and licensing of engineers and in the 
practice of awarding professional degrees. 
Lack of uniformity seemed prevalent in all 
of these requirements and the need was 
apparent that a united profession must 
have a minimum definition of an engineer. 
Based 1:pon this study the following was 
adopted by: the committee, by the Engi- 
neers’ Council for Professional Development, 
and to be recommended to the participating 
societies as the minimum qualification for 
an engineer: 


a. Graduation from an approved course in engi- 
neering of 4 years or more in an approved school or 
college; a specific record of an additional 4 years 
or more of active practice in engineering work of a 
character satisfactory tc the examining body (the 
examining body, in its discretion may give credit 
for graduate study in counting years of active 
practice); and the successful passing of a written 
and oral examination covering technical, economic, 
and cultural subjects and designed to establish the 
applicant’s ability to be placed in responsible 
charge of engineering work and to render him a 
valuable member of society: 


or alternatively 


b. Eight years or more of active practice in engi- 
neering work of a character satisfactory to the 
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examining body and the passing of written and 
oral examinations designed to show knowledge and 
skill approximating that attained through gradua- 
tion from an approved engineering course and also 
examinations written and oral covering technical, 
economic, and cultural subjects designed to estab- 
lish the applicant’s ability to be placed in responsible 
charge of engineering work and to render him a 
valuable member of society. 


Socipty MEMBERSHIP GRADES 


It should be noted that there is no 
attempt on the part of the committee to 
recommend for adoption one solitary road 
to recognition as an engineer but the com- 
mittee recognizes that competent engineers 
may be trained either in the formal processes 
in our educational institutions or in the 
school of practice. It should also be noted 
that the committee recommends that formal 
education alone or practice alone cannot 
produce a competent engineer. The com- 
bination of study and practice is necessary. 
In this connection the committee feels that 
there are a minimum of 3 large groups of 
persons in the engineering field who may be 
roughly separated as follows. A student 
who is a person matriculated in an approved 
engineering school or one who is engaged in 
practice and is pursuing on his own initia- 
tive studies comparable with those given in 
an engineering school. It is anticipated 
that the committee on professional training 
of the Engineers’ Council for Professional 
Development will so organize its work as to 
provide possibilities to the young appren- 
tice who has not gone to an engineering 
school to carry out these fundamental engi- 
neering studies on his own initiative. These 
2 groups constitute our student class and 
consequently the committee on professional 
recognition has recommended that the 
professional societies concerned should seri- 
ously consider amending their student 
membership rules and specifications to 
bring these groups into the societies as 
“student members.” After graduation from 
an approved engineering school or after the 
noncollege student has passed equivalent 
written and oral examinations he becomes 
in essence an engineer in training or a junior 
engineer. Consequently the committee has 
recommended that the participating socie- 
ties seriously consider amending their 
membership rules and specifications to pro- 
vide for “‘junior members”’ for this class of 
persons. This “junior membership’”’ would 
cover the minimum period until the person 
has met the minimum qualifications of an 
engineer as outlined above, whereupon he 
should become eligible for the ‘‘member”’ 
grade. 

Uniformity in the grades of membership 
in the various societies and in conformity 
with the above suggested grades and desig- 
nations are both logical and highly desir- 
able. At the present time there is little 
uniformity between our various societies 
and great confusion exists in the minds of 
the public at large as to the meaning of our 
various society membership designations. 
A simple, rational, logical, and uniform 
nomenclature and specification has there- 
fore been recommended and it is hoped that 
the societies may adopt this as a logical 
ideal toward which to work. It should be 
appreciated, of course, that nothing com- 
pletely revolutionary to the present set-up 
should be attempted. With this in mind 
the Engineers’ Council did not approve 
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any recommendation for ‘‘fellow”’ grade, as 
being outside the purview of the council. 
Secondly, the Engineers’ Council made the 
following statement: ‘‘These recommenda- 
tions, however, are not intended to exclude 
the affiliations of other persons with any 
constituent society in a capacity other than 
the grades of membership indicated.” 
Third, the Engineers’ Council recommended 
that these specifications for “student 
member,” “junior member,’ and ‘“‘member”’ 
be regarded as ““minimum.’’ 


FURTHER ACTION TO BE TAKEN 


In accord with the policy first outlined in 
this article the grade of membership, the 
license, and the professional degree should 
be in substantial agreement with the mini- 
mum definition of an engineer. The com- 
mittee urges that steps be taken to place 
this view before the faculties of engineering 
schools for consideration so that in time 
the grades of professional recognition when 
granted may be uniform. In this connec- 
tion the committee on professional recog- 
nition and the Engineers’ Council for Pro- 
fessional Development recommended 
through the Society for the Promotion of 
Engineering Education that the faculties 
of engineering schools give consideration to 
the bestowal of professional degrees only to 
those who have attained the minimum 
standard, the actual vote of the Engineers’ 
Council being as follows: ‘‘That when the 
recommendations for minimum definition 
and standard grades of membership are 
approved by the participating bodies, then 
E.C.P.D. make the suggestion through 
S.P.E.E. that the professional degree be 


granted only to those who meet the mini- 
mum definitions.” 

Throughout this article the phrase “‘ap- 
proved school” has been used with the 
knowledge that the committee on engineer- 
ing schools has this matter under considera- 
tion and that a scheme for accrediting 
schools will be forthcoming which would 
result in a list of approved schools. The 
phrase therefore should be viewed in the 
light of a possible report from the committee 
on engineering schools which was made at 
the meeting of the Engineers’ Council by 
the committee on engineering schools and 
was adopted for recommendation to the 
participating bodies. It is beside the point 
whether accrediting is desired or not. It is 
a fact which must be met that various of 
the state laws require the setting up of a 
list of approved schools and it is highly 
desirable that such a list be uniform through- 
out the country. 

The committee on professional recogni- 
tion is fully cognizant of the fact that 
acceptance by the participating bodies of 
these various recommendations including 
the minimum definition of an engineer will 
not of themselves raise the standard of the 
profession. The committee is therefore 
bending its efforts to a consideration of the 
mechanism, scope, and content of examina- 
tions and other procedures for measuring 
the achievement of standards for recogni- 
tion by the individual in order that it may 
be ready when the participating bodies have 
approved the policy and recommendations 
to make additional recommendations for 
the modus operandi. The committee again 
stresses the fact that these recommendations 
are recommendations and are not compul- 


Great Britain’s First Streamlined Rail Car 


Acccorpinc to The Travel and Industrial Development Association of Great Britain 
and Ireland, the first streamlined rail car to be used in Great Britain was placed in service 


in a “‘press’’ run December 1, 1933. 
suburban services. 


: It is used by the Great Western Railway on one of its 
The journey of 36 miles between London and Reading was covered in 


this run in 39 min 52 sec and in 42 min 24 sec, for each of 2 nonstop runs; the maximum 
speed obtained was 62 mph. The car, of unique design, is the outcome of exhaustive tunnel 
tests to reduce wind resistance, which at normal speed requires more power to overcome 


than the driving of the car along the rails. 
4 in. high. 


The car, shown above, is 62 ft long, and 11 ft 
It weighs 20 tons and has been designed for a maximum speed of 60 mph. 


Seating capacity is for 69 passengers, the leather covered seats being arranged in pairs, 
permanently placed back-to-back. The sides of the car extend to within one foot of the 
track, so that practically the whole of the car, including wheels, is enclosed in a streamlined 
case. Everything possible has been enclosed, even to the head and tail lamps, controlled 


from the driver’s seat, which are fitted flush with the case. 


It is stated that the effect of 


this streamlining has been to reduce wind resistance to 1/; of that encountered by a similar 


square-ended car. 


ELECTRICAL ENGINEERING 


' 
; 


sory upon any organization until they have 
been adopted by the proper body of that 
organization. Codperation between all our 
various engineering bodies looking to the 
ideal of enhancing the professional develop- 
ment of each and every engineer in this 
country is the keynote of all the work of the 
Engineers’ Council for Professional Develop- 
ment and the work of the committee on pro- 
fessional recognition with which this article 
is concerned. To establish a guild or union 
is not the concept which motivates anybody 
concerned with this movement. Before we 
can convince the public that the engineer is 
truly a professional man we must codperate 
in developing a professional status and in 
this codperation it is desirable that every 
member of the profession shall be cognizant 
of and in sympathy with the ideals for 
which we are striving. 


Primary Considerations Relating to Steam, 
Electric, and Diesel-Electric Traction. Iden- 
tified as being based upon actual operating 
conditions on British railways, an article 
carrying the foregoing title and published in 
World Power for November 1933, p. 247-55, 
surveys the technical and financial positions 
of the 3 forms of railroad traction. The 
paper originally was presented before the 
“British” Institution of Civil Engineers. 
The article presents perhaps the most de- 
tailed study of its kind that has appeared, 
and the tables and illustrations contain a 
mass of essential information on railway 
conditions. The figures are, however, based 
upon estimates and applied to British con- 
ditions. 


San Francisco Section 


Stimulates Student Participation 


Student participation in the activities of 
the Institute’s San Francisco, Calif., Section 
undoubtedly will be broadened and stimu- 
lated by policies announced by Section 
Chairman W. C. Smith at the September 29, 
1933, meeting of the Section. The plan is 
that at each meeting a Student will present 
a 5-min biography of one of the pioneers in 
electrical development. At the September 
29 meeting, the plan was inaugurated by a 
5-min biographical sketch of Ampere, pre- 
sented by a Student. 

Further to stimulate the attendance of 
Enrolled Students at Section meetings, the 
Section has inaugurated the policy of ab- 
sorbing for all students attending, haif the 
price of the regular dinner that precedes 
Section meetings. 


Chemistry Industry Medal Awarded to 
J. G. Vail. The Chemical Industry Medal 
of the American Section of the Society of 
Chemical Industry was presented to J. G. 
Vail, of the Philadelphia Quartz Company, 
at a meeting held in New York, N. Y., 
November 3, 1933. The meeting was held 
jointly with the American Chemical So- 
ciety, the Electrochemical Society and the 
Société de Chimie Industrielle. This is the 
first award of what is called the ‘“‘Chemical 
Industry Medal’? which takes the place of 
the Grasselli Medal awarded annually for 
several years by this society. The new 
medal is awarded Mr. Vail in recognition of 
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his work on sodium ‘silicates* in industry. 
He joined the chemical department of the 
Philadelphia Quartz Company in 1905, and 
1s Now a vice-president and chemical director. 


High Voltage X Ray 
Tubes Are Compared 


A comparison has been made at the U.S. 
Bureau of Staiudards of the X ray cutput as 
a function of the applied voltage for differ- 
ent types of high voltage tubes. The 
complete results of this work are contained 
in research paper No. 595, published in the 
September 1933 number of the “Bureau 
of Standards Journal of Research.” 

The comparison was made for 2 thin 
glass X ray tubes, 5 thick glass tubes, and 
1 metal-centered tube on several generators 
of different voltage wave form. Thin 
glass tubes show about 15 per cent greater 
output than thick glass tubes on constant 
potential, while the metal-centered tube 
gave about 15 per cent less output. At any 
given effective (rms) voltage, the outputs 
of all glass tubes or all generators were 
nearly the same, and equal to the output 
on a constant potential of the same value. 
Likewise, at a given effective voltage, the 
quality (full absorption curve) was the 
same for all tubes on all generators. 

Outputs of all tubes at a given peak 
voltage varied over a range of 25 per cent 
between tubes and between different 
generators. The metal-centered tube out- 
put varied widely between half and full wave 
rectification at equal peak voltages. The 
same tube, however, gave the same output 
at any given effective voltage supplied by 
any generator. 


Development of Mines and Men 
Traced in “Porphyry Coppers’’ 


Whether or not all electrical engineers 
will agree with John Hays Hammond, in 
his foreword to Parson’s “Porphyry Cop- 
pers,” that major developments in the 
electrical industry have come about through 
the assurances of large supplies of copper is 
not known. However, the mining engi- 
neer feels assured that his professional 
colleagues in the electrical industry at least 
will admit that the enormous tonnages of 
copper that became available in the decade 
commencing with 1910 have had a marked 
influence upon electrical developments as 
well as on the face of nature in the western 
mountains. 

Mr. Parsons, now secretary of the Ameri- 
can Institute of Mining & Metallurgical 
Engineers, is singularly well equipped for 
the task he has undertaken—the writing 
of a chronicle of engineering in the 2 
Americas. Educated in Utah, Mr. Par- 
sons has spent much of his professional 
career among the men who were actively 
engaged on these enterprises. His clear 
and attractive style, polished by service on 
the editorial staffs of the Mining and Scien- 
tific Press and the Engineering and Mining 
Journal, has humanized the history and 


technology of the big copper mines treated 
in the pages of ‘“‘The Porphyry Coppers.”’ 

In his book the author points out through 
numerous examples that the entire success 
of these mining projects was due to engi- 
neering principles. correctly applied and 
amplified by the ingenuity and steadfast 
courage of a large number of American 
engineers. Backed by capital, mainly 
American and British, these engineers 
“have converted huge ore deposits in many 
countries into the big metal mines of the 
world.’”’ Throughout the pages names of men 
still active in mining and financial circles 
appear in settings markedly different from 
their earlier surroundings where they are 
so vividly depicted as eager searchers for 
ore. Although the book is primarily a 
story of and for the mining engineer, it 
has much of interest to anyone who ever has 
felt the call of far away places or the desire 
to get rich in a hurry by buying stocks in 
some mining enterprise with a flowery 
name. 

Mining engineers realize that the author 
in selecting his title has chosen the term 
“The Porphyry Coppers”’ judiciously. Pre- 
sumably only a geologist or a mining engi- 
neer will be particularly interested in the 
fact that not all the great mines that are 
discussed are in porphyritic deposits. The 
author himself points out that there are 
other copper deposits, some of which have 
been exploited profitably, that are not in- 
cluded, The author confines the term to 
those mines having enormous tonnages of 
low grade ore, in which the minerals occur 
disseminated over large areas. From these 
deposits, considered of doubtless economic 
value 30 years ago, copper has been won by 
large scale production methods. 

It is interesting to note that the porphyry 
deposits, which have yielded more than 17 © 
billion pounds of copper and have reserves 
of more than 100 billion pounds of copper 
in unmined ore, all had been worked prior 
to 1900. The Chino mine in New Mexico 
may have been the scene of the first mining 
activity in the Western hemisphere. At 
Chuquicamata, Chile, copper had been 
mined by the Incas in the 16th century. 
However, it was not until Jackling had 
pioneered the porphyry coppers with Utah 
Copper in Bingham Canyon, Utah, that the 
potential extent of the various porphyry 
coppers came to be realized. 

The subject matter of the book includes 
the stories of 12 remarkable mines, 9 in 
North America and 3 in South America. 
Considerably more than half the book is 
devoted to historical summaries of the 
development of these great mines from their 
humble beginnings as prospects to their 
fruition as profitable enterprises. The 
technology of mining, including exploration, 
ore extraction, and treatment processes, 
so markedly advanced by engineers con- 
nected with those various companies, is 
treated most adequately in several chapters. 
Throughout the discussion the author 
emphasizes the effect these vast enter- 
prises have had upon the social and economic 
development of the Western states—Utah, 
Nevada, Arizona, and New Mexico—and 
upon Chile, sister republic in South America. 
Their effect upon the ‘“‘Building of the West” 
has been unquestioned for the past 2 decades 
and this marked influence will continue for 
many years to come. 

The title of the first chapter—‘‘An 
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Achievement of Engineers’”—would serve 
admirably as a subtitle of the book as a 
whole. The author has stated that ‘‘What- 
ever Power is reponsible for the Universe 
made ore deposits; but mines are made by 
the genius of men.” He might have added 
the corollary which his book so clearly 
indicates—mines make men. 

“The Porphyry Coppers” by A. B. Par- 
sons is the first of the Rocky Mountain 
Fund Monographs to be published (1933) 
by the American Institute of Mining and 
Metallurgical Engineers, 29 West 39th 
Street, New York, N. Y. The book is 
cloth bound, 6 x 9 in. in size; its 581 
pages are well illustrated, and its price is 
$5.—H. M. Lawrence. 


Electrically Controlled Wind Tunnel Com- 
pleted at Case. A large wind tunnel for 
testing wind pressures and their effects on 
airplane structures, buildings, etc., has re- 
cently been completed at the Worcester 
Reed Warner Laboratories, Case School of 
Applied Science, Cleveland, Ohio. The tun- 
nel, which is built of heavy sheet metal rein- 


forced with angle-iron, is approximately 30 
ft long. Its cross-sectional area is 81 x 81 
in. at the largest part, and tapers down to 3 
by 3 ft at the semi-open section where the 
test models or objects are placed. A sensi- 
tive counterbalance system of suspension 
wires permits accurate measurement of the 
force or ‘‘drag’”’ exerted by the wind upon the 
object and a draft gage connected to a 
‘“pitot tube’”’ enables the velocity of the air- 
stream to be determined readily. To assure 
a wide range of steady non-pulsating air- 
flow at all velocities from that of a gentle 
breeze to the equivalent of a destructive tor- 
nado, special adjustable voltage equipment 
was designed by the Electric Generator and 
Motor Company. A 75-hp 3-phase squirrel- 
cage induction motor direct coupled to a 
50-kw d-c generator was installed. The 
generator is separately excited from a small 
machine which also supplies the separately 
excited fields of the fan-motor in the wind 
tunnel. The main generator armature is 
arranged to feed the armature of the fan 
motor. In this way, the required speed 
variation of the fan is obtained without any 
tendency toward instability of control at 
low speeds. 


Weticrs to the Editor 


CONTRIBUTIONS to these columns are invited 
from Institute members and subscribers. They 
should be concise and may deal with techaical 
papers, articles published in previous issues, or 
other subjects of some general interest and pro- 
fessional importance. ELECTRICAL ENGINEERING 
will endeavor to publish as many letters as possible, 
but of necessity reserves the right to publish them 
in whole or in part, or to reject them entirely. 


STATEMENTS in these letters are expressly un- 
derstood to be made by the writers; publication 
here in no wise constitutes endorsement or recog- 
nition by the American Institute of Electrical 
Engineers. 


Slide Rule 
Calculation of ~/a? + b? 


To the Editor: 


The method here set forth makes use of 
the well-known expansion of Va? + 6? in 
terms of the descending continued fraction; 
viz: 


b2 ob? OB 
2a+ 2a4+ 2a+ °° 


Divide b? by 2a and add the quotient to 
2a to form a new divisor, and repeat until 
a constant quotient is attained. Add this 
quotient to a to secure the final answer. 

Even when a and 6 are equal 4 move- 
ments of the cursor are all that are required. 
For rapid convergence b is taken to be the 
smaller of the 2 numbers but that is not 
essential. 

The method gives more accurate results 
than the direct method of squaring and 
adding and extracting the root and is faster. 


Var+p=at 
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Example 
/ 22 12 — 2 als eh oeels 
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70. 
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(3) —_ = 0.236 
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Hence V2? + 1? = 2.236 by slide rule, 
with the last figure definite. From a table 


V5 = 2.2361. 
Very truly yours, 
V. G. Smiru (A’26) 


(Asst. Prof. of Elec. Engg. 
Univ. of Toronto, Ontario, Can.) 


A New Method of 
Calculating Circuits 


To the Editor: 


The object of this paper is to attempt 
to show, and in a somewhat different way 
perhaps than that contemplated by W. B. 
Kouwenhoven and M. W. Pullen in their 
article “A New Method of Calculating Cir- 
cuits’? (see ELECTRICAL ENGINEERING for 
November 1933, p. 776-9), the exact 
foundation upon which this method rests, 

In a general theory, it is not necessary 
to emphasize one section of circuit over 
another. The load impedance may there- 


fore be looked upon as simply one of the 
parallel generator branches. 

In Fig. 1, consider the points A, B and 
its n branches. By Kirchoff’s laws: 
(a) The algebraic sum of the voltage drops 
along all paths connecting the same 2 points 


are equal. 


! Z n ' 


Z| 


Fig. 1 


(6) Every impedance Z through which a 
current J passes exerts an equivalent back- 
voltage E equal in value to JZ. 

(c) The algebraic sum of the currents at 
any point is zero. 

From the diagram, and by (a), (0d) 


Es —IsZg = E2O; Si aL Raw BIE (1) 


Let the currents Js have 2 components. 
Then 


I i ho ka. Sed PA Ae (2) 


Substituting eq 2 in eq 1, and dividing by 
Zs #0 


E E 
(FZ — Ise) + Is = Zs (3) 
and hence 


DE = 14) + De - 
>? 


By (c) and eq 2 
LIso — DIs: = TIs = O 


Substituting eq 5 in eq 4 


TE = Is0) a yo is = 


As Igo is arbitrary, simplification of eq 6 
will result if 


E 
> (Z _~ Iso) ="0- oF 
E 
Z. — Ths = (0) (0), 
The first of these appears sterile. The sec- 


ond leads to direct physical interpretation, 
and is that adopted by the authors. From 
another point of view, eq 6 represents a 
“mean-value theorem’ with 2 mutually 
cancelling terms arbitrarily added; and 
when used without them, completely dis- 
penses with the fiction of short-circuit cur- 
rents. 
Very truly yours, 
I. H. Barxey (A’29) 
(Technical Consultant, 
2020 52nd St., Brooklyn, N. Y.) 


ELECTRICAL ENGINEERING 


To the Editior: 


The paper ““A New Method of Calculating 
Circuits’ by W. B. Kouwenhoven and 
M. W. Pullen in ELecrricat ENGINEERING 
for November 1933, p. 776-9, describes 
the application of the so-called ‘‘short- 
circuit current solution” in the determina- 
tion of the currents and voltages in a net- 
work consisting of any number of sources 
of electromotive force operating in parallel 
and delivering energy to a load (see Fig. 1). 
By the use of the fictitious short-circuit 


Zu 


Fig. 1. 


current of each generator and a fictitious 
impedance of the network, it is shown in 
the paper how to calculate readily the 
common complex voltage E£ of the system, 
the determination of which evidently sup- 
plies the key to the solution of all the cur- 
rents of the network. 

The common voltage E across the termi- 
nals 1-2 can also be determined by the use 
of the following obvious alternative form 
of Thévenin’s Theorem (see “Sur un Nou- 
veau Théoréme d’Electricité Dynamique,” 
by L. Thévenin, Comptes Rendus, v. 97, 
1883, p. 159-61): ‘‘The voltage between 
any 2 points in a circuit is equal to the 
product of the current which would flow 
through an impedanceless conductor were 
the latter connected to these 2 points, and 
the impedance which would exist across 
these 2 points were all sources of electro- 
motive force removed.” The application 
of this theorem to the circuit shown in Fig. 
lis as follows: The complex current which 
will flow through an impedanceless conduc- 
tor connected to terminals 1—2 is evidenily 


Ek, , — Ey 
eee 2x 


j. e., the sum of the short-circuit current of 
each generator. The complex impedance 
between the terminals 1-2 when the 
voltages Ei, Ex, ..., Ey are removed is 


1 
1 1 1 1 
Pet Ze Ze 


‘Therefore 
ee Ey 
Zee Zi 
ae ee ie 
Zi ats Zs fe lig Che 


This equation is identical with eq 8 of the 
paper which is being discussed here. 

The foregoing discussion shows that the 
“short-circuit current’? method makes use 
of the same fictitious short-circuit current 
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of each generator and the same fictitious 
impedance which are used in a direct ap- 
plication to the circuit under consideration 
of the alternative form of Thévenin’s 
Theorem given above. It is evident, 
therefore, that in the treatment of this 
particular network the use of the ‘‘short- 
circuit current” method is not characterized 
by advantages superior to those already ob- 
tainable by the use of one of the existing 
artifices of circuit theory. It is probable, 
however, that the “short-circuit current” 
method may be advantageously used in 
solving other types of circuits. 


Very truly yours, 
Micwaet J. Di Toro (A’32) 
(Electrical Engineer, 1378 West 
7th Street, Brooklyn, N. Y.) 


To the Editor: 


Since the publication of ‘““A New Method 
of Calculating Circuits’? by W. B. Kouwen- 
hoven and M. W. Pullen, in the November 
1933 issue of ELECTRICAL ENGINEERING, 
p. 776-9, the attention of the authors 
has been called to the fact that the method 
is also applicable in unbalanced polyphase 
systems. The treatment for this case is 
to be found in ‘Experimental Electrical 
Engineering,” by V. Karapetoff, v. 2, p. 110. 

Very truly yours, 
W. B. KouWENHOVEN (A’06, M’22) 
(Professor of Electrical Engineering 
and Assistant Dean, Johns Hopkins 
University, Baltimore, Md.) 


Theory of 
Probability 


To the Editor: 


It is te be hoped that the excellent article 
by Professor Bennett on ‘Theory of Prob- 
ability” published in the November 1933 
issue of EI.2CTRICAL ENGINEERING, p. 752-7, 
will stimulate attempts on the part of engi- 
neers to bring the theory into use in a num- 
ber of fields where it has not yet been 
generally applied. 

That there should be important applica- 
tions in power system design, to mention 
one such field, is suggested by the problem 
of determining the proper number of spare 
generators, transformers, cables, etc., to 
insure a satisfactory degree of service 
reliability. Spare capacity is now too fre- 
quently determined by arbitrary rules hay- 
ing little or no logical basis. For example, 
reserve generating capacity is often taken 
as a certain percentage of the capacity re- 
quired for peak load without due regard to 
the number and size of units. It should 
alinost be self-evident that 6/20,000-kva 
generating units installed for a peak load 
of 100,000 kva give less assurance of de- 
pendable service than 12 similar units 
installed for a peak of 200,000 kva, even 
though in each case the spare capacity is 20 
per cent. 

To illustrate the fact that as the number 
of units increases the percentage spare can 
be materially reduced without sacrificing 
reliability, the curve, Fig. 1, for generating 
units has been calculated. To simplify 


the problem all units are assumed to have 
the same capacity, and each is assumed to 
be subject to emergency outage time to the 
extent of 3 per cent of its service hours. 
The curve shows the number of spare units 
required to be running at the time of the 
peak, plotted against units needed to carry 
the peak, in order that the probability of 
load interruption at the time of the peak 


shall be : For example, it is shown 


that when one machine is required for load 
one additional machine, or 100 per cent 
spare, must be run to insure the desired 
degree of service reliability. If the system 
has 5 units for the peak, 2 reserve units or 
40 per cent must be run. Twenty units 
need 4 spares, or 20 per cent. If 2 systems, 
each having load for 20 units, interconnect 
to form in effect a 40-unit system, the 
reserve need be but 6 units instead of 4 each 
when operating separately. If 5 such 
systems pool their generating resources the 
reserve can be reduced to 10 units, or 10 
per cent spare, as against 20 per cent before 
pooling. 

The above results are of course based 
upon hypothetical considerations. Space 
does not permit more than brief mention 
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of some of the practical considerations that 
must enter into the solution of an actual 
problem. For example, account must be 
taken of the variety of sizes of generating 
units usually present in an existing system, 
and of possible short-time overload capaci- 
ties. It usually will be necessary to cal- 
culate probabilities of load outage not only 
at the time of the peak load but also at 
loads just under the peak. Again it may 
be necessary to determine probabilities at 
times when scheduled turbine, generator, 
or condenser maintenance temporarily re- 
duces the system capacity, even though 
at these times the load may be considerably 
below the peak. 

A good method of computing probabilities 
in a problem such as this consists simply of 
expanding the binomial (p + g)", where p 
is the probability that a generating unit 
will be unavailable (in the case cited 

0.08 


1+ 0.03 
i 

ilable ( ———— ), and = 

availa dleare and 7 the total num 


, q the probability that it will be 


ber of machines running. The expansion 
results in ~ + 1 terms, the first of which 
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is the probability that ~ machines will be 
simultaneously unavailable, the second the 
probability that » — 1 will be simultane- 
ously unavailable, and so on to the last 
term which gives the probability that no 
units will be unavailable. (Compare second 
paragraph in second column on p. 754 of 
Professor Bennett’s article.) This method 
presupposes that all available machines are 


actually running and subject to outage. 
When certain machines are available but 
idle and therefore not liable to breakdown 
the problem is somewhat altered. Other 
methods are available for dealing with this 
condition. 
Very truly yours, 
S. A. SmiTH, JR. (A’24, M’31) 
80 Park Place, Newark, N. J. 


Perconal aa 


J. Allen Johnson 


Nominated for Presidency 


JoserpH ALLEN JOHNSON (A’07, F’27) 
chief electrical engineer of the Buffalo, 
Niagara and Eastern Power Corporation, 
Buffalo, N. Y., has been nominated for the 
presidency of the A.I.E.E. for the 1934-35 
term. Hewas born at Northboro, Mass., 
June 21, 1882. In 1905 he graduated from 
the Worcester Polytechnic Institute with the 
degree of B.S. in E.E. From 1905 to 1912, 
he was employed in electrical engineering 
work by the Ontario Power Company of 
Niagara Falls, being appointed electrical 
engineer of that company in 1912. In 
1917, this company was purchased by the 
Hydro-Electric Power Commission of On- 
tario, of which Mr. Johnson became assist- 
ant engineer, but still retained his other 
position. In 1918, he was appointed elec- 
trical engineer of the Cliff Electrical Dis- 
tributing Company and Hydraulic Power 
Company of Niagara Falls, N. Y., and with 
the consolidation of these companies and 
the old Niagara Falls Power Company to 
form The Niagara Falls Power Company 
in 1918, he became electrical engineer of 
the enlarged company. In this capacity 
he was responsible for many important 
features of the electrical design of the 
Niagara developments during the period 
of their rapid growth from 1918 to 1924. 
In 1929, he was appointed chief electrical 
engineer of the Buffalo, Niagara and Eastern 
Power Corporation, which position he now 
holds. During his career Mr. Johnson 
has taken a prominent part in the develop- 
ment of the art of power generation and 
transmission. Perhaps the most impor- 
tant of such developments was that of the 
system of generator voltage control by 
individual regulators, which he originated 
and pioneered in the plant of the Ontario 
Power Company about 1910, and which he 
described in a contribution to the technical 
press shortly thereafter. His contribu- 
tions to the art of generator testing by 
means of the retardation method are also 
well known. Mr. Johnson has contributed 
to the Institute several important papers 
on such subjects as reactors in hydro- 
electric stations, the retardation method of 
determining losses in hydroelectric generat- 
ing units, fire protection in a-c generators, 
and operating aspects of reactive power. 
As joint author he has also made contribu- 
tions on power developments at Niagara 
Falls, lightning protection for transformers, 
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and fundamentals of design of electric 
energy delivery systems, the latter to be 
presented at the coming winter convention. 
He has served the Institute as a member of 
the electrochemistry and electrometallurgy, 
electrical machinery, instruments and meas- 
urements, protective devices, and research 
committees. He became a director of the 
Institute in 1928, served as chairman of the 
membership committee for the 2 years 
1929-31, and is at present chairman of the 
national committee on transfers, as well 
as of a special committee to consider the 
dues of Associates and related matters. He 
is also a member of the Edison medal com- 
mittee and the executive committee, and 
vice president of the North Eastern District 
(No. 1). He was organizer and first chair- 
man of the Niagara Frontier Section, and 
served in that capacity from the date of 
its organization, February 10, 1925, to 
July 31,1926. It is also of interest that he 
was the first chairman of the Worcester 
Polytechnic Institute Branch of the A.I.E.E. 
in 1905. Besides his Institute activities, 
Mr. Johnson served the former National 
Electric Light Association as chairman of 
its electrical apparatus committee, as a 
member of its power systems engineering 
committee, and is at present chairman of the 
electrical equipment committee of the 
Edison Electric Institute. He is also a 
member of the American Association for the 
Advancement of Science, and a member of 
the Electrical Standards Committee of the 
American Standards Association. 


Vice Presidential 
Nominees are McMillan, 
Meyer, Post, Tapscott, and Timbie 


FRED ORVILLE McMiILian (A’14, M’26, 
F’383), research professor of electrical en- 
gineering, Oregon State College, Corvallis, 
has been nominated to serve the Institute as 
vice-president representing the Northwest 
District (No. 9). He was born at Albia, 
Iowa, May 12, 1890. In 1912 he received 
the degree of B.S in E.E. from Oregon 
State College and that of M.S. in E.E. from 
Union College, Schenectady, N. Y., in 
1919. In 1912 he entered the student en- 
gineering course of the General Electric 
Company at Schenectady, and was trans- 
ferred to the engineering department of 
that company in 1914. He was engaged in 
experimental and designing engineering 


work at the Schenectady works until 1920. 
He was appointed assistant professor of 
electrical engineering at Oregon State 
College in 1920, associate professor in 1923, 
and to his present position of research 
professor in 1930. He is a registered pro- 
fessional engineer in the state of Oregon, and 
in addition to academic work has acted as 
consulting electrical engineer for a number 
of public utilities, the Port of Portland, 
Ore., in 1925, and the United States Bureau 
of Fisheries from 1929 to 1933. Mr. Mc- 
Millan has served the Institute as counselor 
for the Oregon State College Branch, 
1926-32, and 1933-34; chairman of the 
Northwest District committee on Student 
activities, 1927-28; anda member of the 
national committee on student Branches, 
1931-34. He also has presented a number 
of technical papers and discussions before 
the Institute, several of these having to do 
with radio interference from high voltage 
insulators. Mr. McMillan is a member of 
the Society for the Promotion of Engineer- 
ing Education and of the Northwest 
Electric Light and Power Association. He 
also is a member of the following scholastic 
honor societies: Phi Kappa Phi, Sigma Xi, 
Tau Beta Pi, Eta Kappa Nu, and Sigma 
Tau. 


FRANK J. Meyer (A’13, M’17) vice- 
president in charge of operation for the 
Oklahoma Gas and Electric Company, 
Oklahoma City, has been nominated to 
serve the Institute as vice-president repre- 
senting the Southwest District (No. 7). 
He was born in Grant City, Mo., July 12, 
1884. In 1891 he moved with his parents 
to Oklahoma territory where his father, a 
Presbyterian minister, did missionary work 
among the Creek and Seminole Indians. 
Between 1901 and 1904, he was meter man 
for the Oklahoma Gas and Electric Com- 
pany, and between 1904 and 1906 attended 
Pratt Institute, Brooklyn, N. Y., where he 
graduated with the 1906 class in applied 
electricity. Following graduation, he spent 
18 months in Porto Rico as assistant elec- 
trician for the Guanica Centrale Sugar Com- 
pany. Hereturned to Oklahoma in the fall 
of 1907 and entered the services of the 
Oklahoma Gas and Electric Company at 
Oklahoma City, as chief electrician. In 
1920 he was made general superintendent of 
the company and in 1924 became assistant 
to general manager in charge of operations. 
In May 1931 he was appointed to his 
present position of vice-president in charge 
of operation for the Oklahoma Gas and 
Electric Company, a subsidiary of the 
Standard Gas and Electric Company. 
Mr. Meyer has been quite active in A.I.E.E. 
work in the Southwest. 


GroRGE GILBERT Post (A’l1l, F’833) 
vice-president in charge of power for The 
Milwaukee Electric Railway and Light 
Company, Milwaukee, Wis., and also 
vice-president and director of the Wisconsin 
Electric Power Company, has been nomi- 
nated to serve the Institute as vice-president 
representing the Great Lakes District 
(No. 5). He was born near Madison, Wis., 
in 1881. In 1904 he graduated from the 
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University of Wisconsin, Madison, with 
the degree of B.S. in E.E. The 2 years 
following graduation were spent as an in- 
spector in the electrical engineering labora- 
-tory of the University of Wisconsin. In 
June 1906 he entered the service of The 
Milwaukee Electric Railway and Light 
Company as an assistant in the lighting 
department where he worked as drafts- 
man, material clerk, and statistician; in 
1909 he became superintendent of electrical 
testing for this company, and in 1910 be- 
came electrical engineer of the lighting 
department. When there was a change of 
management in 1911, he was made head of 
the electric distribution department, and 
held this position until late in 1929 when he 
was appointed to his present position as 
vice-president in charge of power. Mr. Post 
has served the Institute as a member of the 
committee on power transmission and 
distribution 1922-26, and the committee 
on power generation 1932-34. He also 
has been active on technical committees 
of the Association of Edison Illuminating 
Companies, and the Edison Electric Insti- 
tute. For the former National Electric 
Light Association, he was chairman of the 
underground systems committee 1922-23, 
and vice-chairman of the engineering 
national section 1932. He also has been 
active in local engineering circles in Mil- 
watkee and Wisconsin, and is a director of 
the Milwaukee Engineers’ Society. 


RatpH HeNrRy Tapscott (A’18, F’29) 
vice-president of the New York Edison 
Company and of the United Electric 
Light and Power Company, New York, 
N. Y., has been nominated to serve the 
Institute as vice-president representing the 
New York City District (No. 3). He was 
born in Brooklyn, N. Y., August 31, 1885. 
In 1909 he graduated from Union College, 
Schenectady, N. Y., with the degree of 
B.S. in E.E. He then joined the testing 
department of the General Electric Com- 
pany at Schenectady, transferring shortly 
afterward to the lighting engineering de- 
partment where his duties largely involved 
work with the New York group of utilities. 
In 1917 Mr. Tapscott became assistant 
chief electrical engineer of the New York 
Edison Company, and in 1925 was made 
electrical engineer of that company. In 
1932 he was appointed to his present posi- 
tions as vice-president of the New York 
Edison Company and of the United Electric 
Light and Power Company. Mr. Tapscott 
has served the Institute as a member of 
the standards, electrical machinery, power 
transmission and distribution, headquarters, 
Edison medal, and finance committees, 
and the board of examiners. He also has 
served the New York Section as secretary 
and as chairman. In 1930 he was elected 
a director of the Institute for the term ex- 
piring July 31, 1934, Among other socie- 
ties, he has been chairman of the electrical 
apparatus committee of the former National 
Electric Light Association, and later a 
member of its engineering national com- 
mittee. At present he is chairman of the 
light and power group of representatives on 
the Electrical Standards Committee of the 
American Standards Association. He also 
is a vice-president of the General Electric 
Test Alumni Association. 
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WititiamM Henry Timsie (A’10, M’12, 
F’24) professor of electrical engineering 
and industrial practice at Massachusetts 
Institute of Technology, Cambridge, has 
been nominated to serve the Institute as 
vice-president representing the North 
Eastern District (No. 1). He was born at 
Pittsfield, Mass., August 20, 1877. In 1901 
he graduated from Williams College with 
the degree of bachelor of arts. From 1901 
to 1902 he taught at Westerleigh Collegiate 
Institute, New Brighton, L. ee N Re a 
Between 1902 and 1911 he was instructor of 
industrial electricity at Pratt Institute, 
Brooklyn, N. Y., spending the summers 
from 1904 to 1907 as tester in the works of 
the General Electric Company, Pittsfield, 
Mass. From 1911 to 1918 he was head of 
the department of applied science at 
Wentworth Institute, Boston, Mass., and 
from 1918 to 1919 was editor-in-chief of 
the committee on education and special 
training of the U. S. War Department. 
He has been at M. I. T. since 1919, his 
principal duties being the organizing and 
conducting of the course in codperative 
electrical engineering. Professor Timbie is 
the author of the following books: ‘‘Ele- 
ments of Electricity,” 1910; ‘Essentials of 
Electricity” 1918; ‘Alternating Current 
Electricity” (with H. H. Higbie) 1914; 
“Essentials of Alternating Currents’ (with 
H. H. Highte) 1919; ‘Principles of Electri- 
cal Engineering”’ (with V. Bush) 1922; “In- 
dustrial Electricity’ 1924. In 1925 he 
contributed a paper to the Institute on 
“The Cooperative Method of Education.’ 
He has served the Institute as a member of 
the Section committee 1929-34, committee 
on Student Branches 1925-28 and 1929-34, 
having been chairman of this committee 
1929-33. He also has served as a member 
of the committee on education 1929-33, 
and committee on general power applica- 
tions 1924-30. He has been a member of 
the executive committee of the Institute’s 
Boston Section for many years and at 
present is chairman of this Section. He 
has for many years also been counselor of 
the Student Branch at M. I. T., and for 
one year was chairman of the Branch coun- 
selors committee of District No.1. Heisa 
member of the fuilowing national honorary 
fraternities: Phi Beta Kappa (scholastic), 
and Pi Gamma Mu (social science). He 
also is a member of Kappa Eta Kappa, 
national soecia! fraternity, and of the 
Williams Club, NewYork, N. Y., and 
Albemarle Club, Boston, Mass. 


Farmer, Funk, and Gear 
Nominated for Institute Directorships 


FRANK MaLcoLM FarMER (A’02, M’12, 
F’13) vice-president and chief engineer of 
the Electrical Testing Laboratories, New 
York, N. Y., has been nominated to serve 
the Institute as a inember of its board of 
directors. He was born in Ilion, N. Y., 
March 28, 1877. In 1899 he graduated 
from Cornell University, Ithaca, N. Y., 
and has since been identified with inspec- 
tion and testing activities in the e:ectrical 
field. Following about one year in the test 
department of the General Electric Com- 
pany of Schenectady, N. Y., and about 21/, 
years in the inspection division of the 
U. S. Navy, Brooklyn Navy Yard, he 


joined the staff of Electrical Testing Labo- 
ratories (then the Lamp Testing Bureau) 
in 1903. In 1906 he was given the title 
of “engineer”? and in 1912 became chief 
engineer. He has had an extensive ex- 
perience in research, testing, and inspection 
in connection with electrical engineering 
materials and apparatus. Subjects to 
which he has given special attention are 
electrical measurements, electrical insulat- 
ing materials, and electric power cables. 
He has been active on committees of techni- 
cal societies dealing with these subjects, 
has contributed numerous papers to the 
technical literature, and is the author of 
“Electrical Measurments in Practice,” 
an associate editor of the ‘‘American Civil 
Engineers Handbook,’’ an author of the 
“Standard Handbook for Electrical En- 
gineers,” etc. He has been interested 
in welding matters since his association 
with the research work of the welding com- 
mittee of the Emergency Fleet Corpora- 
tion of the World War days. Mr. Farmer 
has served the Institute as a member of the 
board of examiners 1923-28, and has been a 
member of the following committees: stand- 
ards 1919-22 and 1923-34; technical pro- 
gram 1933-34; award of Institute prizes 
1933-34; electric welding 1927-28 and 
1930-81; power transmission and distribu- 
tion 1920-34; and research 1929-34, He 
was chairman of the research committee 
1933-384. Mr. Farmer is a fellow of the 
American Association for the Advancement 
of Science, a member of the American 
Society for Testing Materials (past-presi- 
dent), American Welding Society (past- 
president), Institution of Electrical En- 
gineers (British), The American Society 
of Mechanical Engineers, and other engi- 
neering organizations. For the American 
Standards Association he is vice-chair- 
man of the standards council, and chair- 
man of its board of examination, the sec- 
tional committee on insulated wires and 
cables, and the sectional committee on elec- 
tric welding apparatus. 


Nevin ELrwett Funk (A’07, M’18) 
vice-president in charge of engineering of 
the Philadelphia Electric Company, Phila- 
delphia, Pa., has been nominated to serve 
the Institute as a member of its board of 
directors. He was born in Bloomsburg, 
Pa., November 4, 1888. In 1905 he re- 
ceived the degree of electrical engineer 
from Lehigh University, Bethlehem, Pa. 
Mr. Funk served as an apprentice in the 
Westinghouse Electric and Manufacturing 
Company, E. Pittsburgh, Pa., in 1905 and 
1906. He then worked as subforeman in 
the employ of the New York Central Rail- 
toad Company, Berwick, Pa., during part 
of 1906, and from 1906 to 1907, served as 
associate professor of electrical machine 
design and mathematics at the Georgia 
School of Technology, Atlanta, Ga. From 
1912 to 1918, he was in the employ of the 
Sterling Switch Board Company in Cam- 
den, N. J. From 1907 to 1912, and from 
1914 to the present time Mr. Funk has been 
with the Philadelphia Electric Company 
occupying the following posts: foreman, 
station electric construction department; 
assistant superintendent of Schuylkill sta- 
tion; combustion engineer, Schuylkill No. 
1 and No. 2 stations; assistant operating 
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engineer; operating engineer; assistant 
chief engineer; chief engineer; assistant 
general manager; and finally, vice-president 
in charge of engineering. Mr. Funk is 
also vice-president of the Conowingo Power 
Company, the Electric Realty Corporation, 
Philadelphia Electric Power Company, 
Southern Pennsylvania Power Company, 
The Susquehanna Electric Company, The 
Susquehanna Power Company, and The 
Susquehanna Utilities Company; he is 
vice-president and director of the Deep- 
water Light and Power Company, Phila- 
delphia Hydro-Electric Company, and the 
Philadelphia Steam Company. Mr. Funk 
is the author of many technical papers. 
He has served the Institute as a member of 
the committee on power generation 1924-33. 
For the Association of Edison Illuminating 
Companies, he is chairman of the committee 
on power generation and is a member of 
the power generation committee of the 
Edison Electric Institute. He also is a 
member of The American Society of Me- 
chanical Engineers, the Franklin Institute, 
the United States Chamber of Commerce, 
the Philadelphia Chamber of Commerce, the 
Philadelphia Board of Trade, and the 
American Committee of the World Power 
Conference. Mr. Funk is president of the 
Engineers’ Club of Philadelphia, and is a 
member of the University Club, Lehigh 
University Club, the Penn Athletic Club, 
the Philadelphia Country Club, and the 
Union League, all of Philadelphia. 


Harry Barnes Gear (A’01, M’138, 
F’20) assistant to the vice-president in 
charge of engineering, construction, and 
operation of the Commonwealth Edison 
Company, Chicago, Ill., has been nominated 
to serve the Institute as a member of its 
board of directors. He was born in Mari- 
etta, Ohio, March 6, 1872. In 1892 he 
graduated from Marietta College with the 
degree of bachelor of arts, in 1895 received 
the degree of M.E. in E.E. from Cornell 
University, Ithaca, N. Y. Mr. Gear 
entered the service of the Chicago Edison 
Company, predecessor of the Common- 
wealth Edison Company, in 1895. Among 
the earlier tasks assigned him was the 
merging of the distribution plants of 4 
utility systems, erected in a competitive 
race for the World’s Fair business of 1893, 
and embodying an assorted lot of voltages, 
frequencies, and systems. These were 
merged into the first 2,300/4,000-volt 
4-wire 3-phase distribution system to be 
used in any large city in the United States; 
it went into service in 1899. In 1911, Mr. 
Gear was appointed engineer of distribu- 
tion of the Commonwealth Edison Com- 
pany, serving in this capacity until 1921. 
While in this position he was in charge of 
the design of the power transmission and 
distribution system of the company. In 
1921 he was appointed to his present posi- 
tion, in which his attention has been given 
to the wide range of problems arising from 
the conducting of a great utility system in a 
period of unprecedented growth. While 
engineer of distribution for the company, 
Mr, Gear gathered data for a paper on 
“Diversity Factors’ which appeared in the 
A.I.E.E. TRANSACTIONS in 1910; this is 
believed to be the first paper presented 
before any engineering body on this impor- 
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tant subject. During the same year he 
published jointly with P. F. Williams “Elec- 
tric Central Station Distribution Systems,” 
a pioneer treatment of this subject and 
now in its third edition. Papers on various 
phases of electrical distribution have been 
presented by him at other times before the 
Institute. He was a member of the group 
which met with the representatives of the 
U. S. Bureau of Standards in 1915 to 
formulate the first edition of the National 
Electric Safety Code. For 33 years the in- 
candescent lamp service to retail customers 
of the company in Chicago has been under 
his supervision, and he is a member of the 
lamp subcommittee of the Association of 
Edison Illuminating Companies. For the 
Institute, Mr. Gear has been a member of 
the following committees, safety codes 
1914-34 (chairman 1921-24), standards 
1923-27, Lamme medal 1932-35, technical 
program 1932-34, and Edison medal 1932— 
34. He also has been representative of the 
Institute on the electrical committee of the 
National Fire Protection Association 1921— 
24, and of the National Fire Waste Council 
1923-24. In 1910 he received a Chanute 
Medal award of the Western Society of 
Engineers (Chicago). He has been a 
trustee of the University of Chicago and of 
the Morgan Park Military Academy since 
1924, and is a member of the American 
Association for the Advancement of Sci- 
ence and the Chicago Art Institute. He 
also is a member of the Union League and 
South Shore Country Clubs, Chicago. 


W. I. Slichter 
Renominated as Institute Treasurer 


WALTER IRVINE SLICHTER (A’00, M’03, 
F’12) professor of electrical engineering at 
Columbia University, New York, N. Y., 
has been nominated to succeed himself as 
treasurer of the Institute. He was born 
at St. Paul, Minn., May 7, 1878, and 
graduated from Columbia University, in 
1896, with the degree of electrical engineer. 
Since 1914 Professor Slichter has been an 
active member of 18 Institute committees 
and has represented the Institute on 6 
joint bodies; he is now a member of 7 
committees and a representative on 5 
bodies. A full biographical outline of 
Professor Slichter’s career was published 
on p. 56 of ELECTRICAL ENGINEERING for 
January 1931. 


A. E. Kennelly 
to Receive Edison Medal 


ARTHUR EDWIN KENNELLY (A’88, M’99, 
F’13, HM’33, life member and past-presi- 
dent) professor emeritus of electrical en- 
gineering, Harvard University and the 
Massachusetts Institute of Technology, 
Cambridge, has been awarded the A.I.E.E. 
Edison Medal for 1933 “for meritorious 
achievements in electrical science, electrical 
engineering, and the electrical arts ex- 
emplified by his contribution to the theory 
of electrical transmission and to the de- 
velopment of international electrical stand- 
ards.’’ Actual presentation of the medal 
will take place during the forthcoming 
A.I.E.E. winter convention to be held in 
New York, N. Y., January 23-26, 1934. 


The Edison Medal was founded by 
associates and friends of Thomas A. Edison, 
and is awarded annually for ‘‘meritorious 
achievement in electrical science, electrical 
engineering, or the electrical arts’ by a 
committee consisting of 24 members of the 
Institute. 

Since its establishment in 1904, the medal 
has been awarded to the following eminent 
engineers and scientists: Elihu Thomson, 
Frank J. Sprague, George Westinghouse, 
William Stanley, Charles F. Brush, Alex- 
ander Graham Bell, Nikola Tesla, John J. 
Carty, Benjamin G. Lamme, W. L. R. 
Emmet, Michael I. Pupin, Cummings C. 
Chesney, Robert A. Millikan, John W. 
Lieb, John White Howell, Harris J. Ryan, 
William D. Coolidge, Frank B. Jewett, 
Charles F. Scott, Frank Conrad, Edwin W. 
Rice, Jr., and Bancroft Gherardi. 

In connection with Doctor Kennelly’s 
election as an Honorary Member of the 
Institute, the highest grade of membership 
available, a detailed biographical sketch of 


A. E. KENNELLY 


his career was given in ELECTRICAL EN- 
GINEERING for July 19383, p. 512. His 
marked scientific ability, great versatility 
in the application of complex theory to 
practical purposes, continuous contributions 
to the development of definitions and stand- 
ards in electrical engineering, and his 
charming personality has given him an 
outstanding international reputation. 


FRANK Conrap (A’02) assistant chief 
engineer of the Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa., has been awarded the John Scott Medal 
by the city of Philadelphia, Pa. This 
medal, of bronze, was awarded for scientific 
achievements. It was established in 1816 
by John Scott, a chemist of Edinburgh, 
Scotland, who bequeathed a sum of money 
to the city of Philadelphia for the mainte- 
nance of these awards. Since that time one 
or more awards have been made annually. 
Doctor Conrad was awarded the 1930 
Edison Medal of the A.J.E.E. “for his 
contribution to radio broadcasting and short 
wave radio transmission,’’ as announced in 
ELECTRICAL ENGINEERING for January 
1931, p. 60-1, and March 1931, p. 216-8. 


H. A. JoHNson (M’17) general manager 
for the receivers of the Chicago (IIl.) 
Rapid Transit Company, has been ap- 
pointed director of research of the Ameri- 
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can Railway Association with the title of 
chairman. Mr. Johnson has been in 
charge of extensive testing and research 
work on air brakes conducted by the Steam 
Railroad Association. He will head a new 
committee of the mechanical division which 
will be devoted to investigations and reports 
on research problems that may require 
attention in the opinion of the division. 


C. W. Korner (A’04, F’12) district man- 
ager, Southern California Edison Company, 
Ltd., Redondo Beach, Calif., has been ap- 
pointed city manager of Pasadena, Calif. 
Mr. Koiner previously served the city in 
that same capacity from 1921 to 1925, 
and for many years prior to that was man- 
ager of the municipal light and power de- 
partment of Pasadena. 


LazaRE GELIN (A’28), formerly con- 
nected with Schneider-Westinghouse in 
France, has been appointed manager of the 
foreign division of Kellogg and Tree, an 
industrial sales promotion company located 
at New York, N. Y. This firm is engaged 
in creating a codrdinated marketing or- 
ganization throughout the United States 
and the leading foreign countries. 


H. A, Martin (A’20, M’26) formerly 
chief engineer of the Peoples Light and 
Power Company, New York, N. Y., has 
been appointed division manager of the 
West Coast Power Company with head- 
quarters in Portland, Ore. He is in charge 
of the Washington and Oregon properties 
of the company. 


BRYANT WHITE (M’20) manager of the 
electric department of the Delaware Electric 
Power Company, Wilmington, was recently 
appointed president of the Kentucky Utili- 
ties Company. Mr. White has been an 
executive of the American Gas and Electric 
Company since 1920. 


J. P. Barron (A’30) has recently been 
appointed sales engineer in the electrical 
sheet division of the Empire Sheet and Tin 
Plate Company, Mansfield, Ohio. Mr. Bar- 
ton previously was section engineer for the 
General Motors Radio Corp., Dayton, Ohio. 


H. W. Hircucock (A’15, F’27) chief en- 
gineer, Southern California Telephone Com- 
pany, Los Angeles, has been elected second 
vice-president of the Engineers’ Club of 
Los Angeles for the year 1933-34. 


E. R. STAUFFACHER (A’15, M’26) electri- 
cal protection engineer, Southern Cali- 
fornia Edison Company, Los Angeles, has 
been elected secretary of the Engineers’ 
Club of Los Angeles for the year 1933-84. 


W. R. Cuirrorp (A’29) chief engineer, 
Layne and Bowler Pump Corporation, 
Los Angeles, Calif., has been elected 
treasurer of the Engineers’ Club of Los 
Angeles for the year 1933-34. 


H. V. Scurerper (A’03, M’13) Capital 
Traction Company, Washington, D. @yhas 
been elected secretary of the electric railway 
section of the National Safety Council. 


January 1934 


Obituary 


Calvert Town.ey (A’01, M’07, F'12, 
and past-president) a former vice-presi- 
dent of the Westinghouse Electric and 
Manufacturing Company, died November 
27, 1933, at New York, N. Y. He was 
born October 18, 1864, at Cincinnati, 
Ohio. In 1886 he graduated from the 
Sheffield Scientific School of Yale Univer- 
sity with the degree of bachelor of philoso- 
phy, receiving the degree of M.E. in 1888. 
In 1887 he was with the Brush Electric 
Light Company in Cincinnati. Between 
1887 and 1904 he spent the first of 2 periods 
with the Westinghouse Electric and Manu- 
facturing Company. He was erecting en- 
gineer for the company in 1887, and for the 
following year was in charge of the design 
of electric lighting distribution systems. 
From 1888 to 1895 he was engaged in com- 
mercial and executive work for the Westing- 
house company in various capacities. From 
1895 to 1897 and from 1898 to 1900 he was 
manager of the Boston, Mass., office of the 
company. From 1901 to 1904 he was 
general agent for the Westinghouse com- 
pany with headquarters in New York, N. Y., 
in charge of relations with large transporta- 
tion interests there. In 1904, he became 
acting fourth vice-president of the New 
York, New Haven, and Hartford Railroad 
Company in charge of all electrical work of 
that system whether transportation, trans- 
mission, lighting, or power. At this time 
he also was assistant to the president of the 
Consolidated Railway Company in charge 
of the engineering, construction, and 
operation of that company’s electrical 
division. In 1905 he became first vice- 
president of the Consolidated Railway Com- 
pany and consulting engineer for the N. Y., 
N. H. & H. Railroad Company on their 
electrical work. During this period he also 
was iu charge of the electrical engineering 
of transportation, power, and lighting sys- 
tems in a number of cities. During this 
period he was vice-president of the Connecti- 
cut Company and about 30 subsidiaries, 
in charge of trolley, light, gas, and water 
companies owned by the New Haven rail- 
road. In 1911 he returned to the Westing- 
house company as _ vice-president and 
assistant to the president, with head- 
quarters in New York. He held these 
positions until his retirement in 1931. He 
was also vice-president of the Westinghouse 
Electric International Company, trustee 
of the Westinghouse Company, and director 
in the Westinghouse X Ray Company, and 
the Regina Corporation. He was presi- 
dent and director of the Servap Company. 
During the War he superintended the erec- 
tion of a turbine factory near Philadelphia, 
the output being very largely used for the 
federal government merchant and naval 
vessel. Mr. Townley served the Institute 
as a member of the following committees: 
Edison Medal 1918-23, executive 1919-22, 
and public policy 1914-19, 1921-22, 1923- 
24. Atthe time of his death he was a mem- 
ber of the Codrdination Committee of 
Engineering Societies. He had been a 
member of the Pan-American engineering 
committee, the John Fritz Medal board of 


award, and the American Engineering 


Council, of which he had served as chairman 
of the organizing conference. He had 
served as vice-president and trustee of the 
United Engineering Trustees, Inc., and on 
the board of The Engineering Foundation. 
He was a delegate and member of the execu- 
tive committee of the engineering delega- 
tion to the World Power Conference in 
London in 1924, and a member of the 
American Industrial Mission to Mexico 
that same year. He was elected manager of 
the Institute in 1905, vice-president in 
1908 and president in 1919. He has con- 
tributed many papers to technical socie- 
ties, mostly dealing with power and traction 
problems. He was a former president of 
the Yale Engineering Association and a 
member of the following clubs: Engineers, 
Yale, Railroad, Bankers (all of New York), 
New Haven Country, Graduate (New 
Haven) and Cragston Yacht and Country. 


Kempster BLANCHARD MILLER (A’98, 
M’07, F’27) consulting engineer, Pasadena, 
Calif., died November 22, 1933. He was 
born August 14, 1870, at Boston, Mass. 
In 1893 he graduated from Cornell Uni- 
versity, Ithaca, N. Y., with the degree of 
mechanical engineer. He then entered the 
U.S. patent office as assistant examiner and 
was given charge of inventions relating to 


telephony, continuing at this work until 


1896. He then entered the employ of the 
Westinghouse Electric and Manufacturing 
Company at East Pittsburgh, Pa. A few 
months later he became chief electrician of 
the Western Telephone Construction Com- 
pany, Chicago, Ill., his particular duties 
being the designing and superintending of 
the manufacture of telephone apparatus. 
In 1898 he engaged in writing text books on 
telephony and telegraphy and doing other 
editorial work for the International Corre- 
spondence Schools at Scranton, Pa. In 
1899 he became electrical engineer of the 
Kellogg Switchboard and Supply Company 
in Chicago, Ill., and shortly thereafter 
took charge of the experimental shop and 
laboratory of this company. At a some- 
what later date he took complete charge of 
the entire manufacturing plant. During 
this period he was actively engaged in en- 
gineering work on design of new apparatus 
and systems and made a number of in- 
ventions which went into wide commercial 
use. In 1904 he began practice as a con- 
sulting engineer in partnership with S. G. 
McMeen. He continued in this position 
until 1919, when he became general man- 
ager for the North Electric Manufacturing 
Company, developing and making machine 
switching telephone exchange equipments. 
Since 1922 he has been consulting engineer, 
specializing in telephony. In connection 
with his work on telephone systems, he 
has served as arbitrator and expert witness 
in telephone litigation. In addition to 
his telephone work he has designed and 
constructed hydroelectric plants in Oregon 
and southern California. He had served 
as director and general manager in several 
manufacturing companies and public utility 
companies. He was the author of ‘‘Ameri- 
can Telephone Practice,’ a work of about 
900 pages published in 1904, and considered 
a standard treatise on telephony. He also 
was the author of numerous technical 
papers. He had served the Institute as a 
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member of the safety codes committee 
1914-15, and committee on telegraphy and 
telephony 1914-19. He was for some years 
chairman of the Institute’s Chicago Section. 
He was a past first vice-president of the 
Western Society of Engineers (Chicago). 


JoHN FRANKLIN STEVENS (A’94, M’01, 
F’13, member for life and past vice-presi- 
dent) consulting engineer, Philadelphia, 
Pa., died December 11, 1933. He was 
born in Philadelphia, Pa., in 1870. In 1890 
he graduated from the University of 
Pennsylvania with the degree of bachelor of 
arts, and in 1891 received the degree of 
M.E. from the same institution on the 
completion of graduate work in mechanical 
and electrical engineering. From 1891 to 
1893 he was mechanical and electrical en- 
gineer for the firm of John F. Stevens and 
Sons of Philadelphia, manufacturers of in- 
dustrial iron and steel. From 1893 and 
1895 he was in charge of accounting and 
factory production for the LaRoche Elec- 
tric Works, serving as secretary and treas- 
urer. In 1894 he undertook the manu- 
facture of measuring instruments as a 
partner in the Keystone Electrical Instru- 
ment Company, becoming owner, designer, 
chief engineer, and general executive of 
this firm. He maintained this connection 
until 1911. Concurrently he was vice- 
president and consulting engineer for the 
American Electric Heater Company from 
1898 to 1900, and from 1902 to 1913 was 
general executive and member of the firm in 
charge of finances for Steward and Stevens 
Iron Works. In 1911 he entered upon his 
practice as a consulting engineer. During 
the War he was vice-chairman of the con- 
servation board and district chairman for 
southeastern Pennsylvania of the power 
and conservation division of the Federal 
Fuel Administration. He was a frequent 
lecturer and contributor to engineering 
publications, and was the holder of 6 
patents on electrical measuring instruments. 
He served the Institute as manager 1912-13, 
and vice-president 1915-17. He also was a 
member of the following A.I.E.E. com- 
mittees: Edison Medal 1913-18, executive 
1915-17, finance 1913-17 (chairman 1913- 
17), headquarters 1916-17, membership 
1918-19, sections 1912-14, and standards 
1911-18. He was a former president of 
the Engineers’ Club of Philadelphia and was 
a member of the American Electrochemical 
Society. He was also a member of the Engi- 
neers’ Club of New York, and the Union 
League and University Clubs of Philadelphia. 


T. HERBERT CLEGG (A’1l6, M’21) an 
electrical engineer for the Tennessee Valley 
Authority, Knoxville, Tenn., and an assist- 
ant to Llewellyn Evans, electrical engineer 
in charge of operations at Muscle Shoals, 
died November 20, 1933. He was born at 
Primos, Delaware County, Pa., in 1887. 
In 1909 he completed the course in surveying 
at Temple University, Philadelphia, and 
in 1911 completed the course in hydraulic 
engineering conducted by the Scranton 
Correspondence School. In 1914 he com- 
pleted the evening course in electrical en- 
gineering at Drexel Institute of Phila- 
delphia. In 1906 he served as a switch- 
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board operator for the Philadelphia Rapid 
Transit Company. From 1910 to 1917 
he was engineering assistant to the assistant 
electrical engineer of the Philadelphia 
Rapid Transit Company, being engaged on 
analysis of power plant statistics and eco- 
nomics and assisting in the supervision of 
power system operation. In 1918 he be- 
came superintendent of a steam generating 
plant of the Atlantic Refining Company of 
Philadelphia, later in the same year be- 
coming superintendent of power for the 
Northern Virginia Power Company, Win- 
chester, Va. In 1919 he became assistant 
to O. M. Rau, power specialist, engaged on 
investigation work in connection with 
power plants. He later became special en- 
gineer for the Philadelphia Rapid Transit 
Company and the International Railway 
Company (Buffalo, N. Y.), retaining these 
positions for several years. Mr. Clegg was 
a member of The American Society of 
Mechanical Engineers, the American Elec- 
tric Railway Association, and the former 
National Electric Light Association. He 
has served the Engineers’ Club of Phila- 
delphia as director and as chairman of the 
finance committee. 


THORBURN REeErpD (A’90, M’98 and mem- 
ber for life) a retired consulting electrical 
engineer, died November 10, 1933. He 
was born May 1, 1864, at London, England. 
He was a graduate of Hampden-Sydney 
College, Va., and studied at the University 
of Virginia and Stevens Institute. During 
his early career he was for a while professor 
of mechanical engineering at South Carolina 
State University. He was then in the 
testing department of the United States 
Electric Manufacturing Company, Newark, 
N. J., and was assistant in the laboratory of 
William Stanley, Jr., for a few months. 
After a few months as consulting electrical 
engineer in New York, N. Y., he spent one 
year with the Edison General] Electric Com- 
pany at Schenectady. He then spent 6 
years with the General Electric Company 
at Lynn, Mass., and in Schenectady, fol- 
lowed by several months with the British 
Thomson Houston Company in London, 
England. In 1897 he undertook private 
practice as a consulting electrical engineer 
in New York and was active in this ca- 
pacity for many years until his retirement. 


VEATOR Davip ME8NDENHALL (A’31) 
designing engineer, General Electric Com- 
pany, Philadelphia, Pa., died October 31, 
1933. He was born at Yadkin College, 
N. C., in 1892. He studied at Moravian 
College for 2 years. From 1913 to 1917 he 
was marine engineer in the U. S. Navy, 
and for 16 months of this period was in 
responsible charge of operation of all 
power equipment of a 10,000-ton vessel. 
From 1919 to 1922 he was designer for the 
R. J. Reynolds Tobacco Company, being 
engaged on the detailed design of automatic 
machinery. From 1922 to 1924 he was de- 
signer for the General Electric Company, 
engaged on detail design of electrical switch- 
ing equipment. In 1924 he became design- 
ing engineer of the General Electric Com- 
pany, and being responsible for the design of 
considerable outdoor switching equipment. 


Wittram FENNER LamMeE (A’04) who 
had been representative of electrical ma- 
chinery manufacturers and who maintained 
offices at San Francisco, Calif., died 
September 16, 1933. 


Membership 


Recommended 
for Transfer 


The board of examiners, at its meeting of Decem- 
ber 20, 1933, recommended the following members 
for transfer to the grade of membership indicated. 
Any objection to these transfers should be filed at 
once with the national secretary. 


To Grade of Fellow 


Brooks, Josiah A., asst. E.E., N. Y. & Queens Elec. 
Lt. & Pwr. Co., Flushing, N. Y. 

Fleming, Arthur P., director of research and 
education, Metropolitan Vickers Elec. Co. 
Ltd., Manchester, England. 

Hickernell, Latimer F., chief engr., Anaconda 
Wire & Cable Co., Hastings-on-Hudson, N. Y. 

McCurdy, Ralph G., ‘noise prevention engr., Am. 
Tel. & Tel. Co., New York. 


To Grade of Member 


Albert, John C., asst. E.E. in charge of testing labs., 
Bureau of Pwr. & Lt., Los Angeles, Calif. 
Beverage, Harold H., chief research engr., RCA 
Communications, Inc., New York. 

Blume, Louis F., E.E., Gen. Elec. Co., 
Mass. 

Borden, Douglas C., managing engr., Elec. Constr. 
Co., Toronto, Ont. Can 

Canfield, Charles E., mech. engr., Gen. Elec. Co., 
Pittsfield, Mass. 

Danner, Ronald F., gen. supt., Okla. Gas & Elec. 
Co., Oklahoma City, Okla. 

Darrow, Leo H., engr. of bldgs. and equip., N. J. 
Bell Tel. Co., Newark, N. J. 

Findley, Paul B., managing editor ‘“‘Bell Labora- 
tories Record,” New Yor 

Green, Stanley, secy. and chief ‘engr., 
Mfg. Co., Lafayette, Ind. 

Hutton, William S., E.E., Canadian Fire Under- 
writers Association, Toronto, Ont. Can. 


Pittsfield, 


Duncan Elec. 


Jennings, Earl B., foreign wire relations engr., 
Southwestern Bell Tel. Co., Oklahoma City, 
Okla. 


Little, John J., gen. mgr., Northern B. C. Pwr. Co., 
Ltd., Prince Rupert, B. C. Can. 

Plumb, Harold J., transmission line supervisor, 
Consumers Pwr. Co., Jackson, Mich. 

Ports, Earl Scores chief engr., Federal Telegraph 
Co., Newark, 

Putnam, Russell aN asst. prof. of E.E., Case Sch. of 
Ap. Sci Cleveland, oO. 

Siskind, Checks S., instructor, 
Lafayette, Ind. 

Sultzer, Morton, protection devpmt. serv. engr., 
Am. Tel. & Tel. Co., New York. 

Taylor, Hamilton D., designing engr., Gen. Elec. 
Co., West Lynn, Mass. 

Webb, Earl B., bldg. and equip. engr., Indiana Bell 
Tel. Co., Indianapolis, Ind. 

Wilson, Stanley M., gen. supt. of equip., Western 
Elec. Co., Kearny, N. J. 


Purdue Univ., 


Applications 
for Election 


A obGeations have been received at headquarters 
from the following candidates for election to 
membership in the Institute. If the applicant has 
applied for direct admission to a grade higher 
than Associate, the grade follows immediately after 
the name. Any member objecting to the election 
of any of these candidates should so inform the 
national secretary before January 31, 1934, or 
March 31, 1934, if the applicant resides outside 
of the United States or Canada. 


Armstrong, C. J., elsbome Gas & Elec. Co., 
Drumright, Okla. 

Avery, F. (Member), Southern Bell Tel. & Tel. Co., 
Atlanta, Ga. 

Bain, D. S., Michigan Alkali Co., Wyandotte. 

Brown, J. Js 253 Jamesville Ave., Syracuse, N. Y. 

Brown, P. F., Indiana Bell Tel. Co., Indianapolis. 

Burnett, oy E., RCA Radiotron Co., Inc., Harrison, 


N. 
Chambers, H. J., Toronto Hydro-Elec. System, 
Toronto, Ont., Can. 
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Sropper, R. E., Canadian Nat. Carbon Co. Ltd., 
Toronto, Ont., Can. 
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yy the postal authorities is given below, with the 
.ddress as it now appears on the Institute record. 
Any member knowing of corrections to these ad- 
iresses will kindly communicate them at once to 
he office of the secretary at 33 West 39th St.; 
New York, N. Y. 
3iack, H. M., 425 South Ave., Wilkinsburg, Pa. 
3lackhall, Harold J., Postlagernd, Essen, Germany. 
3oicourt, Frank R., Rockwell City, Iowa. : 
3ugnion, Frank E., 14 Clinton St., Cambridge, 

Mass. 
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How, John H., 42 Wai Oi Road East, Canton 
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Pie Th Samuel B., 1225 S. Calif. Ave., Chicago, 
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an. 
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Literature 


New Books 
in the Societies Library 


Among the new books received at the 
Engineering Societies Library, New York, 
during November are the following which 
have been selected because of their possible 
interest to the electrical engineer. Unless 
otherwise specified, books listed have been 
presented gratis by the publishers. The 
Institute assumes no responsibility for state- 
ments made in the following outlines, in- 
formation for which is taken from the pref- 
ace or text of the book in question. 


INDUSTRIAL HEAT TRANSFER. By A. 


Schack, trans. from the German by H. Gold- 
schmidt and E. P. Partridge. N. Y., John Wiley 
& Sons, 1933. 371 p., illus., 9x6 in., cloth, $5.00. 


Supplies simple formulas or graphs which will en- 
able the enginecr to deal with problems of furnaces 
and heat exchangers. Based upon the author’s 
7-yr. experience as investigator of heat-transfer 
problems. Converted all equations to English 
units. A useful biblicgraphy is included. 


PROCEDURE HANDBOOK of ARC WELD- 
ING DESIGN and PRACTICE. By Lincoln 
Elec. Co. Cleveland, Ohio, Lincoln Elec. Co., 
1933, 434 p., illus., 9x6 in., cloth, $1.50. Contents: 
Welding methods and equipment; technique of 
welding; procedures, speeds, and costs for welding 
mild steel; weldability of metals; designing for 
arc-welded steel construction of machinery; de- 
signing for arc-welded structures; and typical 
applications of arc welding in manufacturing, 
construction and maintenance. 


STAHLHOCHBAUTEN, ihre Theorie, Bere- 
chnung und bauliche Gestaltung, vol. 2. By F. 
Bleich. Berlin, J. Springer, 1933. 934 p., illus., 
11x8 in., cloth, 46.50 rm. The 3 main sections of 
this volume treat of mill buildings, roofs, and masts 
and towers for electric lines and radio. Fifty pages 
are given to masts and towers. Gives an excellent 
view of German practice in the design of steel 
structures. 


STEAM and GAS ENGINEERING. By 
T. E. Butterfield, B. H. Jennings, and A. W. Luce. 
2 ed. N. Y., D. Van Nostrand Co., 1933. 488 
p., illus., 9x6 in., cloth, $4.50. An introduction to 
the development of heat and power from fuels, 
which emphasizes steam equipment _somewhat 
more than internal-combustion engines. The 
material is based on thermodynamics, the construc- 
tion, and operation of a variety of apparatus being 
used as a background. The new edition has been 


thoroughly revised. 


NIVERSE of LIGHT. By Sir William 
Bare ON. Y., Macmillan Co., 1933. 283 p., 
illus., 9x6 in., cloth, $3.50. For the general reader 
interested in the new physics. Taking as the thread 
of his story the old rivalry between the corpuscular 
and wave theories of light, Sir William writes of the 
early researches in light from which present physical 
concepts have arisen. The work is a masterly 
popular account of the evolution of physical science. 


VOCATIONAL GUIDANCE IN ENGINEER- 
ING LINES. Edit. by Am. Assn. of Engrs.; 
Editorial Committee—J. A. L. Waddell, Chairman, 
Frank W. Skinner, Harold E. Wessman. Pub. 
1933 by Mack Printing Co., Easton, Pa. 521 p., 
illus., 9x6 in., cloth, $2.50. The aim of this book 
is stated to be ‘‘a simple, practical yardstick by 
which those young men who aspire to be engineers 
carn measure their natural fitness for the tasks 
imposed by the profession, their ability to content 
themselves with its probable rewards, and the 
intensity of their own desires to join the ranks of 
the Sons of Martha.’’ Some 60 chapters, each 
by a well known practitioner in some important 
branch or specialty of engineering, give an un- 
usually broad picture of the whole field. In 
addition, such general subjects as engineering 
ethics, idealism in engineering, vocational guidance, 
and aptitude tests, are discussed. 


HOW to do PUBLICITY. By Raymond C. 
Mayer. N. Y. and Lond., Harper & Bros., 1933. 
258 p., 9x6 in. cloth, $3.00. Discussion of prac- 
tical methods of conducting publicity including 
newspaper, magazine, trade paper, radio, etc., as 
well as publicity found useful by corporations, trade 
associations, charitable, scientific and professional . 
societies. (A.I.E.E.) 


AUTOMOBILE ELECTRICAL EQUIPMENT. 
By A. P. Young and L. Griffiths. Lond., Iliffe & 
Sons, Ltd., 1933. 336 p., illus., 9x6 in., cloth, 15s. 
Covers the electrical equipment used with the 
internal-combustion engine on land and sea, and 
in the air. The principal types of British machines 
are described and illustrated. 


BOOK of STAINLESS STEELS, Corrosion 
Resisting and Heat Resisting Chromium Alloys. 
Ed. by E. E. Thum. Cleveland, Ohio, Am. Soc. 
for Steel Treating, 1933. 631 p., illus. 9x6 in., 
cloth, $5.00. The manufacture, properties, and 
uses of corrosion and heat resistant chromium 
alloys are discussed. The properties of the typical 
alloys are presented, and the requirements of a 
large number of consuming industries are explained. 
A useful classified list of trade names is included. 


ELECTRICAL CIRCUITS and MACHINERY. 
Vol. 2, ALTERNATING CURRENTS. By 
J. H. Morecroft and F. W. Hehre. 3 ed. N. Y., 
John Wiley & Sons, 1933. 582 p., illus., 9x6 in., 
cloth, $4.50. A presentation of the fundamentaj 
principles of alternating currents, for use in ele- 
mentary undergraduate courses by any students 
except those specializiug in electrical machinery. 
In this edition new material has been added and 
the book thoroughly revised. 


ELECTRICAL ENGINEERING PRACTICE, 
a Practical Treatise for Electrical, Civil and 
Mechanical Engineers, v. 3. By J. W. Meares 
and R. E. Neale. 4 ed. Lond., Chapman & Hall, 
1933. 920 p., illus., 9x6 in., cloth, 30s. Designed 
to provide students and engineers with a survey of 
the whole field of electrical engineering. The 3; 
volumes cover the generation, distribution, and) 
uses of electricity in a practical way. In volume 3; 
electrical motors and their control, and the applica- 
tions of electrical energy in industrial operations and 
processes, in traction and marine propulsion, and in 
agriculture are fully described. Specifications, 
testing and rules and regulations are also con- 
sidered. 


ELEKTRISCHE SCHALTVORGANGE und) 
verwandte Stérungserscheinungen in Starkstrom-. 
anlagen. By R. Riidenberg. 3 ed. Berlin, 
Julius Springer, 1933. 634 p., illus., 10x7 in., 
cloth, 42 rm. A detailed presentation of the 
transient phenomena that occur in electric installa- 
tions as a result of switching, short circuits, and: 
other break-downs. The third edition is revised 
and enlarged. 


Engineering Societies Library 
29 West 39th Street, New York, N.Y. 


AINTAINED as a public reference library 

of engineering and the allied sciences, this 
library is a cooperative activity of the national 
societies of civil, electrical, mechanicel, and min- 
ing engineers. 


Resources of the library are available also 
to those unable to visit it in person. Lists of 
references, copies or translation of articles, 
and similar assistance may be obtained upon 
written application, subject only to charges suffi- 
cient to cover the cost of the work required. 


A collection of modern technical books is 
available to any member residing in North Amer- 
ica at a rental rate of five cents per day per 
volume, plus transportation charges. 


Many other services are obtainable and an 
Inquiry to the director of the library will bring 
information concerning them. 


Dclastcie! Notes 


The Louis Allis Co. Appoints Charles F. 
Norton.—According to a recent announce- 
ment, Charles F. Norton, formerly vice- 
president and general manager of the Howell 
Electric Motors Co., who recently became 
associated with The Louis Allis Co. of 
Milwaukee, has been appointed general 
sales director of the latter organization. 


Canadian Bristol Co. Organized.—The 
Bristol Company, Waterbury, Conn., an- 
nounces that in order to serve the Canadian 
market still better and to expand and con- 
solidate its present Canadian service 
laboratory of 12 years’ standing so as to in- 
clude sales, service and manufacturing, a 
separate company, The Bristol Company 
of Canada, Ltd., has been incorporated. 
Factory and general headquarters will be 
located at 64 Princess St., Toronto, Ont., 
where Bristol recording, indicating and con- 
trol instruments will be made. J. S. May- 
berry, for 10 years with the parent com- 
pany, has been appointed manager. 


New Insulation Tester.—The Sound En- 
gineering Corp., 416 Leavitt St., Chicago, 
announces a new instrument for testing 
the dielectric strength of sheet materials, 
such as paper, rubber, mica, etc. Means 
are also provided for testing complete 
units such as transformers, motors, insu- 
lated wire, etc. The testing equipment is 
completely self-contained in an all metal 
case, measuring 16 by 18'/, by 81/4 inches 
and weighes 65 pounds. Among the fea- 
tures emphasized by the manufacturer 
ate absolute safety to the operator, ac- 
curacy, smooth and convenient control of 
voltage from 200 to 10,000 volts, and 
definite pressure and even distribution of 
the electrical field over the test sample. 
A Weston vane type meter using a 10 
milliampere field coil is employed in con- 
junction with 2 sets of resistors to measure 
the voltage across the test sample. The 
meter is calibrated in 3 ranges, 0-1,000, 
0-5,000, and 0-10,000 volts. The secondary 
circuit is so designed that the instant a break- 
down in the test sample occurs the voltage 
indicated on the meter drops to approxi- 
mately zero, thus providing a direct, ac- 
curate means for reading the actual potential 
at insulation failure. 


Westinghouse Reports Central Station 
Trends in 1933.—In its annual engineering 
review for 1933 the Westinghouse Electric 
& Mfg. Co. notes that the 165,000 kw 
unit for the Richmond Station of the 
Philadelphia Electric Co. is now under 
construction, comprising a tandem com- 
pound turbine with a single generator of 
183,334 kva capacity. In the hydro- 
electric field the station of the New Kana- 
wha Power Company, consisting of 4 
units of 30,000 kva each, was the only 
one of any importance to be built. During 
the year the Westinghouse Company 
received an order for 2 of the Boulder Dam 
generators each of 82,500 kva. 

In the transmission and distribution 
field, continued progress is reported in the 
study of lightning phenomena in the 
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laboratory and in field experiments. These 
studies indicate that apparatus may be 
designed with proper protective measures 
to withstand surges actually encountered 
in service. This, however, involves an 
increase in cost of the equipment and there 
is, therefore, an economic limit to how far 
the improvement can be carried. An ex- 
ample of built-in protection is a surge-proof 
distribution transformer. 

During the year a number of voltage 
regulators for feeders of the higher voltages 
were sold, operating on the principle of the 
tap-changing transformer. These regula- 
tors are intended to supplement the line of 
induction regulators. Considerable ad- 
vance has been made in high voltage fuses. 
Deion power fuses of 7,500, 15,000, and 23,000 
volts were developed, with interrupting 
ability of 325,000, 500,000, and 600,000 kva, 
respectively. In these fuses a tube lined 
with boric acid provides the source of 
deionization of the are stream created by 
the rupture of the fuse element. 

A great improvement has been made in 
the current type of telemeter, in which a 
small direct current proportional to the 
quantity to be measured is transmitted to 
distant receivers. The earlier forms were 
inherently sluggish in response due to the 
necessarily large devices used to modify 
the value of the transmitted current. 
These could not be speeded up without 
introducing hunting. 


G-E Progress Review.—Among the de- 
velopments in the General Electric 
Company’s review of engineering progress 
during 1933, the modernization of indus- 
trial plants is reported as an important fac- 
tor in the developmental work of the year, 
and improvements were made in the design, 
construction, or operating characteristics of 
practically every class of apparatus for 
industrial service. A new element was 
added last year by an increased moderniza- 
tion demand for central-station switching 
and distribution equipment, stimulated 
by the rising curve of kilowatt-hour con- 
sumption. The modernization in this case 
included the replacement of windings of 
transformers to provide higher ratings and 
improved protection, and the replacement 
of parts of oil switches by oil-blast mecha- 
nisms to increase their rupturing capacity— 
in some instances as much as 300 per cent. 

The maximum rating of waterwheel gen- 
erators was increased to 82,500 kva for two 
machines of this type for the Boulder Dam 
development; previous maximum rating 
being those of the 77,500 kva units in- 
stalled at Dnieprostroy, Russia. 

Unusual activity prevailed in the de- 
velopment of motors and a new type of 
variable-speed alternating-current machine, 
utilizing Thyratron tubes, was built and 
tested. A supersynchronous motor of rec- 
ord capacity was constructed and additional 
ratings were provided in machines intended 
for operation in gaseous atmospheres or 
other hazardous conditions. A complete 
redesign of fractional-horsepower motors 
was effected which established common 


mounting dimensions for all types of these © 
motors of a given output rating. For 
many applications, they were provided — 
with ingenious elastic supports to insure 
quiet operation. i 
Transformers embodying revolutionary 
changes in design were made possible by the 
adoption of Pyranol, the new non-inflam- 
mable synthetic insulating and cooling 
medium for use in place of the conventional 
transformer oil. A reduction of about one- 
half was secured in the physical dimensions 
of these transformers. Pyranol was used 
also as a treating medium for capacitors, 
thereby effecting a reduction in volume of 
about one-third as compared with previous 


designs. 
Research: work was continued actively 
through the year. Lightning investiga- 


tions were made both in the field and the 
laboratory to improve the continuity of 
electric service, and a 2,000,000-volt light- 
ning generator was utilized for the commer- 
cial impulse testing of transformers. The 
chemical and physical characteristics of 
magnetic sheet steels were improved, and 
permanent magnet alloys of greatly in- 
creased strength were developed which 
made it possible to obtain new information 
in regard to the nature of magnetic phe- 
nomena. 


Ieadé Literature 


Motors.—Catalog 33, 24 pp. Describes i 
Marble-Card motors, generators, motor 
generator sets and rotary convertors. 
Marble-Card Electric Co., Gladstone, Mich. 


CO, Meters.—Folder. Describes CO: re- 
cording meters for measuring combustion 
efficiency. The Brown Instrument Co., 
Wayne Ave., Philadelphia, Pa. 


Pyrometers.—Bulletin. Describes indi- 
cating, thermoelectric type pyrometers for 
panel or wall mounting, portable use, and | 
multiple point installations. Mishawaka | 
Industrial Instrument Mfg. Laboratory, 
Mishawaka, Ind. 


Diesel Generating Sets.—Bulletin 812-A, 4 | 
pp. Describes Buda, full Diesel generating | 
sets ranging in size from 10 to90 kw. The | 
high speed, light weight Diesel engine is | 
manufactured under a German license. | 
The Buda Co., Harvey, Ill. ' 


Blowers.—Catalog 833, 40 pp. Describes 

various types of blowers; illustrates appli- 
cations and includes comprehensive tables | 
giving detailed information. Ilg Electric :| 
Ventilating Co., 2850 N. Crawford Ave., . 
Chicago, Ill. 


Capacitors.—Bulletin 710, 16 pp. De-4 
scribes box type and rack type capacitors for 7 
power factor correction. Contains com- 
plete details of construction as well as qi 
dimensions and weights, also tables for 
determining the proper size capacitor’ 
required for correction of low power factor 
conditions in practically any plant. Ideal] 
Electric & Mfg. Co., Mansfield, O. | 
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